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Introduction & Overview
The present thesis describes five studies on visual perception in which various visual 
phenomena are being investigated. These phenomena range from the domains o f  binocular 
rivalry to the perception o f  lightness and the processing o f  afterimages. A communality o f  
these phenomena is that original explanatory accounts mainly relied on the working o f  early 
local cortical mechanisms. W e show for all o f the investigated phenomena that, aside from 
such local mechanisms, more global feature-based processes are also involved either in 
determining the content o f visual awareness or in establishing the eventual perceptual 
appearance.
Although the phenomenological outcome o f  perception seems to be an objective and 
unassailable visual representation o f  the outside world, the visual world as we perceive it is 
the end product o f a multitude o f cortical processes taking place at several levels in the brain. 
In area V1 in the occipital cortex, at the early stages o f visual processing, neurons are 
sensitive to many stimulus features, like color, orientation, contrast and spatial frequency. 
After the primary visual areas, visual processing splits into a ventral processing stream, which 
is responsible for the processing o f  intrinsic stimulus information, like color and form, and a 
dorsal processing stream which is responsible for the processing o f  spatial information. This 
idea o f  two separate visual processing streams has generally become known as the two visual 
streams hypothesis (Milner & Goodale, 1995). Although the concept o f processing streams 
might suggest a unidirectional flow o f information from the eyes through the visual system, 
reality is much more complex than that.
The complexity o f  information processing and the lack o f  consensus regarding many 
cognitive aspects become clear in contemporary research on the neural basis o f visual 
awareness. For instance, there is yet no consensus regarding the neural activity in which 
cortical areas is necessary and/or sufficient in the emergence o f  visual awareness (see e.g., 
Tong, 2003; Rees, Kreiman, & Koch, 2002 for an overview). Although V1 is known as a 
crucial area in visual information processing, views differ on whether activity in this area is 
necessary for visual awareness to emerge. Two different views in this discussion are taken by 
hierarchical and interactive models o f  visual awareness. Hierarchical or bottom up theories o f 
visual perception acknowledge the importance o f V1 in visual processing, but at the same 
time they argue that the activity in this area in itself does not contribute to visual experience. 
According to these theories, V1 is more o f a ‘gatekeeper’ o f visual information. W hen this 
area is damaged, this leads to a disruption o f  the input to extrastriate visual areas, like V4, MT 
and inferotemporal cortex, which causes impairment o f visual awareness. Hierarchical models
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hold that these extrastriate areas are directly involved in visual awareness (e.g., Gross, 
Bender, & Rocha-Miranda, 1969; Tong, 2003; Zeki, 1974). Proponents o f interactive models, 
on the other hand, argue that visual awareness emerges as the result o f  dynamic recurrent 
circuits between extrastriate areas and V1. In the past decade, theories have been proposed 
which emphasize the importance o f recurrent or feedback connections in both the binding o f 
visual features (e.g., Kamps & van der Velde, 2001; Murray, Schrater, & Kersten, 2004) and 
visual awareness (e.g., Lamme & Roelfsema, 2000; Pascual-Leone & Walsh, 2001; Ro et al., 
2003). It has been argued that without recurrent processing, no visual awareness can exist. 
Lamme (2006) goes a step further even by suggesting that with the lack o f an indisputable 
behavioral measure for visual awareness, a next possible direction for cognitive neuroscience 
could be to define awareness by the presence o f  recurrent activation. Although the literature 
on the relation between recurrent processing and the emergence o f visual awareness is 
increasing, this suggestion does not seem to render justice to the valuable information that can 
be obtained about visual awareness from psychophysical data. To provide a complete picture 
about the working o f  visual awareness and its neural substrate both psychophysical and 
neurocognitive methods are helpful tools to unravel the underlying mechanisms. In this thesis 
the focus lies on psychophysical methods to further explore characteristics o f visual 
awareness. M ore in particular, we have used such methods to study global effects o f color and 
form on the visibility and appearance o f  perceptual phenomena.
STIMULUS
LEFT EYE RIGHT EYE
POSSIBLE PERCEPTS
1 2 3
Figure 1. Effects of perceptual grouping during binocular rivalry, as shown by Diaz- 
Caneja (1928). By means of stereoscopic presentation, two each other overlapping images 
were presented, one to the left and one to the right eye. Participants reported that they did 
not only perceive one of the monocular images (1 and 2), but instead they also perceived 
percepts in which parts of the images in the left and right eye were seen simultaneously as 
a result of interocular pattern coherence (3 and 4).
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In the past, a number o f psychophysical studies have shown that the content o f visual 
awareness is influenced by global characteristics o f a visual image. For instance, in the 
domain o f  binocular rivalry it has been shown that the brain may perceptually group parts o f 
the information presented to the left eye with information presented to the right eye as a result 
o f interocular pattern coherence (see Figure 1). A  second example o f the role o f global 
influences on the content o f visual awareness comes from the study for motion induced 
blindness (MiB), in which stationary elements presented on a background containing 
coherently moving elements disappear from awareness for several seconds (Bonneh, 
Cooperman, & Sagi, 2001). These authors have shown that perceptual disappearance in MiB 
is susceptible to effects o f perceptual grouping. In addition, it has been shown that also 
perceptual reappearance can be triggered by certain kinds o f  global regularities (M itroff & 
Scholl, 2005). In Chapters 1 and 2 o f this thesis, we present additional evidence for the idea 
that the content o f visual awareness is influenced by similarity o f  visual elements. The results 
o f these studies converge with the existing literature by showing that both the simultaneous 
appearance and suppression o f visual elements is positively influenced by their similarity. 
These findings show that the visual system not only selectively enhances visibility based on 
feature similarity, but it may also suppress information by means o f feature-based 
mechanisms.
Not only the visibility o f  particular elements, but also the perceptual appearance o f 
these elements depends on global stimulus aspects. Within the visual system, the 
characteristics o f the visual input are used to extract information about for instance color, 
orientation, contrast, and spatial frequency. These features can provide the visual system with 
useful clues on how to group and segment different parts o f the visual scene and how to 
interpret the visual scene, e.g., with respect to figure-ground relations and object identities. 
The perceptual output often differs from what one might expect on the basis o f the physical 
properties o f the stimulus. Within the domains o f lightness and color perception there are 
various examples, indicating that not only local stimulus properties but also more global 
aspects play a role in determining perceptual appearance. Two o f such examples, the so-called 
White effect (White, 1979) and the neon color effect (Van Tuijl, 1975; Varin, 1971) are 
shown in Figure 2 below. These phenomena show that the perceived lightness or color at a 
certain location depends on certain global properties. Phenomena like the ones presented in 
Figure 2 are often described as visual illusions. They can, however, better be considered as 
artifacts o f mechanisms that are crucial for the visual system to produce a clear representation
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o f the world, which makes them rather intriguing and interesting for vision scientists. 
Studying such phenomena can help revealing the underlying mechanisms o f various 
perceptual processes.
Figure 2. Two well-known visual illusions. (a) White’s effect (1979), in which gray bars 
of equal luminance are presented on black and white horizontal bars. Despite their equal 
luminance, the gray bars on the left appear considerately darker than the gray bars on the 
right. This effect is probably the result of differences in figure-ground segregation. 
Because the gray bars on the left are perceived as lying on the white bars, they are 
contrasted with these white bars for which they appear darker than the gray bars on the 
right, which for similar reasons are contrasted with the black horizontal bars. (b) Neon 
color spreading (Van Tuijl, 1975; Varin 1971). Outside the circular shapes only gray of 
an equal luminance is presented. Nevertheless, it appears that some of the yellow 
presented within the circular shapes spreads out over this homogenous gray area, 
resulting in the perception of a transparent yellow rectangle.
For many visual phenomena there is convincing evidence that early local mechanisms play an 
important role in determining the percept. W ithout questioning the role o f  these early 
mechanisms as such, we were interesting to which extent more global factors are also 
involved or, at least, can influence the perceptual appearance. W here Chapters 1 and 2 focus 
on the role o f  color and form similarities on the visibility o f  perceptual elements, Chapter 3-5 
look at the way color and form mutually determine perceptual appearance.
Outline of the dissertation
In Chapter 1 we have investigated the role o f feature similarity in perceptual fading. In 
perceptual fading, information presented in the periphery o f  the visual field perceptually 
disappears after prolonged fixation (Troxler, 1804). This phenomenon is commonly attributed 
to retinal adaptation at the stimulus location(s), followed by filling-in o f  the background 
surface. In this chapter we have looked at a specific kind o f fading, so-called flash-induced 
perceptual fading (Kanai & Kamatani, 2003), in which a white ring is briefly flashed around a
13
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peripherally presented stimulus. As a result o f  this flash, the stimulus perceptually disappears 
for a few seconds. In our study, we were interested in effects o f feature similarity. Our 
experiment shows that two peripherally presented elements disappear more often 
simultaneously when they are similar on color and/or form than when they are not. These 
results demonstrate that perceptual fading is not only the result o f low-level adaptation. 
Instead, more global cortical processes responsible for perceptual grouping based on featural 
characteristics are involved as well.
In the Chapter 2, we examined similar feature selective effects in binocular rivalry. 
Binocular rivalry occurs when dissimilar information presented to the eyes compete for visual 
awareness, as a result o f which parts o f the retinal input are perceptually suppressed. It has 
commonly been argued that this perceptual suppression is the result o f  reciprocal inhibitory 
connections between monocular channels in LGN and early in V1. In the past decade, 
however, such a purely eye-based account o f binocular rivalry has been disputed. Several 
studies have indicated that competition can also occur between stimulus representations 
instead o f solely between monocular channels (e.g., Kovâcs, Papathomas, Yang, & Feher, 
1996; Logothetis, Leopold, & Sheinberg, 1996). In this chapter we present two experiments 
which examine the role o f  feature selectivity during perceptual dominance and during 
binocular suppression, respectively. The first experiment shows that a suppressed stimulus 
perceptually appears earlier when it shares features with a visible stimulus than when it does 
not, which is accumulating evidence for the role o f pattern coherence in binocular rivalry. 
Subsequently, our second experiment shows that a reversal o f  this effect may occur when 
similarity is exhibited with a suppressed stimulus. The latter result suggests feature selectivity 
during binocular suppression, which could lead to the conclusion that the stimulus-based 
effects in binocular rivalry should be accounted for by both selective enhancing and selective 
inhibitory mechanisms past the monocular stages o f visual processing. From a 
phenomenological perspective one could say that the results presented in this chapter suggest 
that we are not only selectively aware but also selectively unaware o f specific features in the 
visual scene.
In Chapter 3 we present a novel phenomenon showing color contour interactions in the 
perception o f  afterimages. Afterimages can be perceived after viewing a colored surface for 
some time, followed by looking at a blank achromatic surface. The perceived afterimage 
colors are complementary to the adapted color in color space. Color appearances in 
afterimages are due to adaptation o f  retinal cones and they are especially vivid when contours,
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presented after the adapting image, coincide with the blurred edges o f  the afterimage (Daw, 
1962). In this chapter, we report that one and the same colored stimulus can induce multiple, 
differently colored afterimages. The perceived afterimage color depends on achromatic 
contours presented after the colored image and fills in within the whole outlined area, also at 
areas at which no colors had been presented. The results o f the two experiments indicate that 
the phenomenon we present is the result o f two different processes. The color inside the 
outlined area induces a complementary colored afterimage which fills in within the whole 
outlined area. In addition, the color outside the outlined area induces an afterimage color 
within the whole outlined area which is similar to the presented color. The latter effect is 
weaker than the effect caused by the color inside the outlined area and is probably the result 
o f color contrast induction across the contour presented after the colored image. The 
dependency o f the afterimage on the presentation o f contours demonstrates that colored 
afterimages are not solely the result o f retinal color adaptation, but that cortical color contour 
interactions influence afterimage perception as well.
Chapter 4 also examines the role o f color contour interactions in vision, but in this 
case in the domain o f lightness perception. W e will focus on the Hermann grid effect 
(Hermann, 1870). In the classical demonstration o f this effect, black squares are divided by 
horizontal and vertical bars. This leads to the perception o f  dark gray spots at the intersections 
o f the grid, especially in the periphery o f  the visual field. The most common explanation o f 
this effect focuses on the working o f  antagonistic center-surround structured retinal ganglion 
cells. These cells are argued to be less active at the intersections o f the grid because these 
intersections are surrounded by more white than other parts o f the grid. This relatively 
reduced activity is reflected by the spots perceived at the intersections. Recently, it was shown 
that making distortions to the contours o f such a Hermann grid-like configuration results in 
the perceptual disappearance o f  the dark spots at the intersections o f  the grid (Geier, Bernâth, 
Hudâk, & Séra, 2008). We show that, by presenting luminance contours around the 
intersections, lightness differences are induced between these contours. Lightness differences 
are perceived inside the whole outlined area at the intersection, irrespective o f  the shape o f the 
contours. Contrary to the Hermann grid effect, our effect is perceived also in foveal vision 
and the effect smears out within the whole outlined area. Furthermore, the effect occurs both 
for black and for white contours. In other words, the effect is independent o f the shape and 
luminance polarity o f  the contours surrounding the intersection. W e argue that the actual 
lightness effect occurs at the non-intersecting parts o f the bars as a result o f simultaneous
15
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lightness contrast between luminance fields and that, subsequently, the lightness contrast is 
captured between the contours. Furthermore, we argue that to a certain extent similar 
mechanisms are involved in the traditional Hermann grid. The straightness o f the contours, in 
combination with the relatively large receptive field size in the periphery o f  the visual field, 
might result in the activation o f horizontal and vertical edge-detectors around the 
intersections. This could cause a partial blocking o f the filling-in process at the intersectionsIt 
is this mechanism that has been turned off by the Geier modifications and that can be 
reactivated by presenting luminance contours at the intersections.
In chapter 5 we further studied global influences in lightness perception. W e did this 
by taking a well known lightness illusion, the so-called Benary Cross (Benary, 1924). The 
Benary cross is a classical demonstration showing that an area’s perceived lightness is not 
solely determined by its luminance, but also by the context in which it is embedded. The 
original configuration consists o f two crossing dark gray bars on a white background. On this 
configuration, two light gray patches are presented, which are similar to each other in the 
amount o f dark gray and white surrounding the contours o f the patches. Despite this 
similarity, one o f  the triangular patches is perceived as being darker than the other. This effect 
is commonly explained from the idea that one patch is perceived as lying on the cross, while 
the other patch is perceived as lying against the cross, on the white background. W ith each 
patch being contrasted with the background it is perceived on, the patch lying on the cross is 
perceived as being lighter than the other patch. It has been argued that the junctions 
surrounding a test area are crucial in determining perceived figure ground relations. By 
gradually recomposing the Benary cross, we have aimed to disentangle the role o f  the 
junctions surrounding the test triangles from the role o f  the global interpretation o f  the cross. 
The results o f a cancellation task confirm that the alignment o f contours at junctions indeed 
has a strong influence on an area’s perceived lightness. At the same time, however, the 
Benary effect is also influenced by the global regularity o f  the cross configuration, as found 
after manipulating the global shape and the orientation o f the configuration.
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Abstract
We show that the flash-induced fading effect can be influenced by grouping based on color 
and shape similarity. In flash-induced fading, peripherally presented elements perceptually 
disappear after a flash is presented around or next to the element(s) (Kanai & Kamitani, 
2003). In the present study, 2 elements (which could either be similar or different in both 
color and shape) were presented at an eccentricity o f  2.6° from a fixation cross. After 2 
seconds, a short flash (40 ms) was presented around one o f the elements. The 2 elements 
remained on the screen for 2.5 seconds after the flash. We found a higher percentage o f 
mutual perceptual disappearance when the two elements were similar in color or in shape. 
These results converge with other findings showing that perceptual fading phenomena are 
influenced by effects o f  perceptual grouping. This indicates that besides low level adaptation, 
more global processes play a part in perceptual fading as well and should thus be taken into 
account in giving a full explanation o f  perceptual fading in general.
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Various studies on visual functioning have shown that during perception visual information 
can sometimes ‘escape’ from awareness. As early as 1804 Troxler repo rted that fixating on a 
spatial location, while attending to an element in the peripheral visual field, could lead to a 
temporary spontaneous perceptual disappearance o f the peripherally presented element. In a 
related perceptual disappearance phenomenon, motion-induced blindness (MIB), one or more 
stationary elements, which are presented on a background containing coherently moving 
elements (e.g., dots or crosses), disappear from awareness for several seconds (Bonneh, 
Cooperman, & Sagi, 2001). A phenomenon which can also be related to the traditional 
Troxler effect and which, like MIB, is caused by a visual transient, is the so-called flash- 
induced perceptual fading phenomenon (Kanai & Kamitani, 2003), in which a ring is flashed 
around a stationary peripherally presented disc for about 40 ms. The disc stays present during 
the whole trial, but the flash triggers temporary perceptual disappearance o f it. This effect 
differs from MIB; whereas the ‘distracting’ or ‘fading-triggering’ information is continuously 
present in MIB, this information is only presented for a short period in flash-induced fading.
Although local adaptation to luminance edges, which can be considered to occur early 
in the visual process, is commonly seen as the main cause o f Troxler fading (e.g., 
Ramachandran & Gregory, 1991), an interesting question is to what extent other, more global 
(possibly higher-level) processes also influence which information will disappear in 
perceptual fading. Already, some studies have addressed the question o f the extent to which 
different peripheral fading phenomena are influenced by perceptual grouping. In their MIB 
study, Bonneh et al. (2001) found that the arrangement o f stationary elements disappeared 
more often as a whole when it made up a ‘good Gestalt’, defined by proximity or contour 
smoothness, indicating that MIB is susceptible to effects o f perceptual grouping. In an MIB 
study by M itroff and Scholl (2005), grouping effects in the reappearance o f perceptually 
disappeared elements were investigated. First, participants had to indicate o f two Gabor 
patches when they had perceptually disappeared. W hen this was the case, both elements were 
physically rotated, for instance until they were collinear to each other. So, the stimulus was 
modified while the subject was unaware o f its presence. It was shown that the percentage o f 
mutual reappearance in MIB is positively influenced by effects o f grouping. In a paradigm 
quite similar to the flash-induced fading paradigm, Moradi and Shimojo (2004) found 
grouping effects o f orientation. In one o f  their experiments, two low-contrast Gabor patches 
were presented until adaptation occurred. The patches could be either collinear or orthogonal 
to each other. Subsequently, after eight seconds o f adaptation, a high-contrast Gabor patches
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was briefly displayed for 20 milliseconds. A significantly higher percentage o f mutual 
disappearance was found in the collinear condition as compared to the orthogonal condition.
The impact o f perceptual grouping on visual awareness has also been investigated in 
studies on binocular rivalry. It was shown that (suppression of) visual awareness can be 
influenced by interocular featural similarity (e.g., Kovâcs, Papathomas, Yang, & Fehér, 1996; 
Lee & Blake, 2004). In addition, Van Lier and De W eert (2003) found that activation o f a 
color in one eye can cancel the suppression o f same-color patches in the same or in the other 
eye, faster than that o f other colors. This effect o f interocular color-specific activation in 
dichoptic suppression can be regarded as another demonstration that the contents o f visual 
awareness are, at least partly, determined by aspects o f perceptual grouping.
Indications for the involvement o f higher-level processes in visual awareness can be 
found in the growing amount o f literature on the role o f recurrent processing in feature 
binding (De Kamps & Van D er Velde, 2001; Murray, Schrater, & Kersten, 2004), as well as 
in visual awareness (e.g., Lamme & Roelfsema, 2000; Ro et al., 2003; Tong, 2003; Pascual- 
Leone & Walsh, 2001). An example o f  the way in which higher-level processes can influence 
effects o f perceptual fading comes from Lou (1999), who showed that selective attention can 
facilitate Troxler fading. In his experiment, attended discs faded away from awareness 
significantly more often than discs that were not attended to. So, the perceptual disappearance 
in Troxler fading can at least partly be controlled by (top-down) attentional processes.
In the present study, we investigate whether the flash-induced fading effect (Kanai et 
al., 2003) can be influenced by color similarity and shape similarity o f  visual elements. 
Finding such grouping effects would further indicate that the different perceptual fading 
phenomena share common characteristics. I f  it turns out that local adaptation is not the sole 
determinant o f any o f  the perceptual fading phenomena, then this would be an indication that 
a general account o f perceptual fading should also incorporate more global perceptual 
processes.
Experiment 
Method
Participants
Twenty-five healthy volunteers (aged 19-33, mean age 22.6), 4 males and 21 females, 
participated in the experiment. Volunteers were all students at the Radboud University 
Nijmegen and were all naive with respect to the experimental questions. All participants had
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normal or corrected-to-normal vision and received either course credit or a 5 Euro payment 
for their participation.
Stimuli and Design
The experiment was developed using Presentation software (Neurobehavioral Systems, 
Albany, USA) and conducted on a Pentium 4 PC with a 21” CRT monitor, which was placed 
160 cm in front o f the participants. A chinrest was used to restrict head movements, and 
responses were given on a standard keyboard (QWERTY).
Stimuli were presented on a blue background (Chromaticity value CIE(x,y) = 0.20, 
0.17; luminance L = 7.65 cd/m2). An example o f  a stimulus display with a flash (including 
distances between the different elements on the display) is given in Figure 1.
Each stimulus consisted o f either one or two elements, which were variable in both color and 
shape. The elements were placed horizontally next to each other with a 2.2 cm (0.8°) distance 
between the element-centers. The distance between the stimulus and a black fixation cross, 
which was presented above the stimulus, was 8.4 cm (3.0°). The shape o f  the elements could 
be circular, with a diameter o f 1.3 cm, or triangular, with a base o f  1.4 cm and a height o f 1.1 
cm, pointing downwards. The color o f the elements could be red (CIE(x,y) = 0.57, 0.34; L =
21
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17.79 cd/m2) or green (CIE(x,y) = 0.31, 0.52; L = 33.51 cd/m2), with contrast values (Lmax- 
Lmin)/(Lmax+Lmin) o f 0.40 and 0.63, respectively. The white circular flash (L = 99.99 
cd/m2), which was presented around one o f  the two element locations, had an inner diameter 
o f 2.0 cm and an outer diameter o f 2.5 cm. M onitor calibration and measurement o f color 
values and luminances were done with the aid o f „Colorshop 2.6/monitor optimizer’, X-Rite 
inc.
Procedure
Each trial started with a 2000 msec period during which only the fixation cross was shown 
(see Figure 2). Subsequently, the stimulus was presented (below the fixation cross) for 3000 
msec, after which a flash appeared around one o f the element locations for 40 msec. After 
disappearance o f the flash, the stimulus remained on the screen for 2500 msec (which will 
hereafter be referred to as the critical period). Next, the screen was cleared, and at the same 
time a sound indicated that a response could be given.
Figure 2. Schematic presentation of a trial.
Participants were instructed to indicate which element(s) had temporarily disappeared from 
awareness during the critical period o f  a trial. Four responses were possible: (1) only the left 
element had perceptually disappeared, (2) only the right element had perceptually 
disappeared, (3) both elements had perceptually disappeared, and (4) none o f the elements had 
perceptually disappeared at any moment during the critical period. In trials in which one
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element was presented, only two responses were possible: (1) the element had perceptually 
disappeared during the critical period, and (2) the element was visible during the whole 
critical period. Responses were given with NUM -keys ‘1’, ’3 ’, „+’, and „-„.
Figure 3. Examples of stimuli for both levels of the variables Color and Shape.
W hen a trial consisted o f 2 elements, these were either the same or different with respect to 
color and/or shape (see figure 3). The design was balanced with respect to the number o f 
trials in each color and shape condition. The position o f the stimulus elements and o f  the flash 
was counterbalanced across experimental trials.
The experiment consisted o f a total o f 192 experimental trials, preceded by 12 practice 
trials. The conditions in which two stimulus elements were presented contained 128 trials 
(color similarity (2) x shape similarity (2) x flash side (2) x left/right balance colors (2) x 
left/right balance shapes (2) x 4 repetitions). The single element condition consisted o f 64 
trials (color (2) x shape (2) x stimulus side (2) x flash side (2) x 4 repetitions). The 
experimental session contained three short breaks. The trials appeared in a randomized order 
and the total duration o f the experiment was approximately 45 minutes.
Results
For both the one-element and the two-elements condition, we calculated the percentage o f 
trials in which the element inside and the element outside the flash perceptually disappeared 
(Figure 4). In the one-element condition, there was a higher percentage o f perceptual 
disappearance when the element was inside the flash (68.6%) than when the element was 
outside the flash (29.0%), t-test, t24 = 5.374, p  < .001. Similarly, in the two-elements condition 
a significantly higher percentage o f perceptual disappearance was observed for the element 
inside the flash (64.7%) compared to the element outside the flash (19.1%), t-test, t24 = 7.434, 
p  < .001. Overall, there was no difference in the number o f  disappearances between the two
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different colors (red vs. green) or the two different shapes (discs vs. triangles) used in the 
experiment: t-test, t24 = 1.105, p  = .280 and t24 = .743, p  = .465, respectively.
1 e le m e n t  2  e le m e n t s
Figure 4. Percentage of disappearance of the elements presented inside the flash, as well 
as of those presented outside the flash. Results are presented for both the 1 element and 
the 2 elements condition. Error bars represent S.E.M.
N ow we will focus on the trials in which two elements were presented. In 69.6% o f these 
trials at least one o f  the elements perceptually disappeared; in the other 30.4% o f the trials 
none o f  the elements perceptually disappeared. First we take a closer look at the latter trials. 
Paired samples t-tests revealed that the percentage o f trials in which none o f the elements 
disappeared did not differ significantly between the same color and the different color 
condition (t24 = -.786, p  = .440). The same holds for the same shape and the different shape 
condition (t24 = -.5 5 3, p  = .585). Next, we consider the trials in which one or two elements 
perceptually disappeared. Obviously, the total number o f these „disappearance trials’ equals 
the number o f all trials minus the number o f trials in which no element perceptually 
disappeared. For each participant the proportion o f  trials in which both elements had 
perceptually disappeared was calculated for each condition, given the disappearance o f at 
least one element. This proportion will be referred to as PMD (proportion o f mutual 
disappearance): PMD = (#[two elements disappeared]) / (#[trials] - #[no element 
disappeared]). PMDs for each condition are presented in Figure 5.
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Figure 5. Proportions of mutual perceptual disappearance (PMDs) for the same and 
different color category, as well as for the same and different shape category. Error bars 
represent S.E.M.
W hen the two elements were o f  the same color, PMD was .234 (SE = .043), while, when they 
were o f a different color, PMD was .187 (SE = .039). Paired samples t-tests showed that this 
effect o f Color similarity was significant, t24 = 2.184, p  < .05. W hen the elements were o f  the 
same shape PMD was .236 (SE = .044), while, when they were o f a different shape, PMD was 
.190 (SE = .038). This effect o f Shape similarity was also significant, t-test, t24 = 2.636, p  < 
.05. The similarity effects did not differ for the two colors and the two shapes.
In addition, the data show an additive trend: PMD was significantly higher when the 
elements were similar on only one feature compared to when none o f the features were 
similar, t-test, t24 = 2.451, p  < .05, and PMD was significantly higher when the elements were 
similar on both features compared to when they were similar on only one feature, t-test, t24 = 
3.456, p  < .01.
Discussion
The results from this study show that flash-induced fading is susceptible to effects o f 
perceptual grouping due to color similarity and shape similarity. There was a significantly 
higher proportion o f mutual disappearance o f the two elements when these elements were 
similar with respect to color and shape, respectively. The effects o f  color and o f  shape 
similarity are rather similar to each other and both contribute to the likelihood o f mutual 
fading.
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In the introduction o f  this chapter, we described a number o f  perceptual fading 
phenomena which are evoked by different experimental manipulations. Whereas Troxler 
fading simply occurs during static presentation, MIB and flash-induced fading are triggered 
by simultaneously presented information. For MIB and flash-induced fading it has been 
argued that the competition between neural representations o f  visual objects causes fading to 
occur (Bonneh, Cooperman, & Sagi, 2001; Kanai & Kamitani, 2003). That is, competition 
seems to trigger the fading o f peripherally presented elements. This does not imply that 
without competition fading would not occur for these elements. The underlying mechanisms 
o f the various fading phenomena, then, might not be so different. W here earlier studies 
showed grouping effects in other perceptual fading phenomena (Bonneh, Cooperman & Sagi, 
2001; M itroff & Scholl, 2005; Moradi & Shimojo, 2004), the present study shows that these 
effects also occur in flash-induced fading as a result o f color and shape similarity. As these 
findings rule out the possibility that local sensory adaptation is the only cause o f the flash- 
induced fading effect, more global processes must also be taken into account in giving a full 
explanation o f the different fading phenomena.
The effects o f grouping on perceptual fading found in the present study fit in with the 
growing amount o f neuropsychological literature in which the role o f recurrent or feedback 
processing in the emergence o f  visual awareness is suggested (e.g., Lamme & Roelfsema, 
2000; Ro et al., 2003; Tong, 2003; Pascual-Leone & Walsh, 2001). Feedback activity is 
argued to be necessary for visual awareness to emerge. The level o f this (object based) 
feedback activity is possibly reduced during fading. This reduction in activation is at least 
partly due to adaptation and can be increased by concurrent activation. The difference in 
explanation between on the one hand, Troxler fading and, on the other hand, MIB and flash- 
induced fading would then be that in Troxler fading adaptation is sufficient to explain the 
reduction o f recurrent processing, whereas in the induced fading phenomena (MIB and flash- 
induced fading) this reduction is also facilitated by concurrent information.
The present study provides evidence that flash-induced fading is susceptible to effects 
o f perceptual grouping. Thus, besides local adaptation, more global processes appear to play a 
role in the flash-induced fading effect as well. Therefore, these global processes should be 
accounted for in a general explanation o f perceptual fading phenomena.
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Feature-based activation and 
suppression during binocular rivalry
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Abstract
In the past decade, effects o f pattern coherence have indicated that perception during 
binocular rivalry doesn’t result solely from reciprocal inhibitory competition between 
monocular channels. In this study we were interested in feature selectivity both during 
dominance and during suppression. The first experiment shows that a suppressed stimulus 
perceptually appears earlier when it shares features with a visible stimulus than when it does 
not. Subsequently, our second experiment suggests a reversal o f this effect when similarity is 
exhibited with a suppressed stimulus. These findings hint at a role for both selective 
enhancing (Experiment 1) and selective inhibitory cortical mechanisms (Experiment 2) in 
causing image rivalry. From a phenomenological perspective these results suggest that we are 
not only selectively aware but also selectively unaware o f specific features in the visual scene.
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W hen incompatible information is presented at the same retinal location to the left and the 
right eye, the input o f both eyes compete for awareness. As a result, parts o f the information 
presented on the retina are perceptually suppressed. Traditionally, this so-called binocular 
suppression has been argued to result from reciprocal inhibitory competition between 
monocular channels (Blake, 1989; Lehky, 1988). This low-level eye rivalry account is 
supported by neuropsychological data showing percept-correlated activity in early visual 
areas like the LGN (Haynes, Deichmann, & Rees, 2005; Wunderlich, Schneider, & Kastner, 
2005). Although the important role o f low-level monocular inhibitory mechanisms in 
binocular rivalry is widely acknowledged in the literature, there is accumulating evidence 
showing that, at least to a certain extent, competition can also occur between (binocular) 
image representations (e.g., Alais & Blake, 1999; Diaz-Caneja, 1928; Kovâcs, Papathomas, 
Yang, & Feher, 1996; Logothetis, Leopold, & Sheinberg, 1996). Such effects in binocular 
rivalry are commonly being referred to as image rivalry, as opposed to eye rivalry.
Support for the role o f  image rivalry can broadly be divided into two categories. First 
o f all, there is a convincing line o f research showing that as a result o f  interocular pattern 
coherence, perceptual dominance can be distributed between the input o f both eyes. In a 
classical study on the role o f  pattern coherence in binocular rivalry, D iaz-Caneja (1928, 
translated by Alais, O'Shea, Mesana-Alais, & Wilson, 2000) presented two in itself irregular 
images to the eyes. Observers indicated that they were not only capable o f seeing the 
monocular images presented to each eye, but also o f seeing the more regular patterns which 
could be formed by combining parts o f the images presented to each eye. Evidence for the 
role o f (interocular) pattern coherence in determining perceptual dominance has not only been 
found at a featural level (see also e.g., Alais & Blake, 1999; Kovâcs et al., 1996; van Lier & 
de Weert, 2003; Ooi & He, 2003). Structural, more Gestalt-like grouping cues have also been 
shown to be effective in causing interocular pattern dominance (de Weert, Snoeren, & 
Koning, 2005; Suzuki & Grabowecky, 2002). All these demonstrations o f perceptual 
grouping during binocular rivalry seem to support an image competition view on rivalry in 
which incompatible pattern representations compete for awareness at a higher level o f  visual 
processing. But, as argued by Lee and Blake (2004), local eye-based rivalry cannot be ruled 
out. Possibly, local competition between monocular channels dominates the rivalry process 
with top-down grouping factors modulating spatial interactions in perceptual dominance. 
Papathomas, Kovâcs, and Conway (2005) showed that the eye o f  origin and pattern coherence 
both play a role in binocular rivalry and from their results they argue in line with Lee and
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Blake that their result point to a theory somewhere between the extreme eye-based and image- 
based theories o f binocular rivalry.
The influence o f image interpretations on binocular rivalry processes has also been 
shown by using the so-called flicker and swap technique (Logothetis et al., 1996), in which 
rivaling stimuli are rapidly and repetitively swapped between the eyes. The basic effect is that 
a stimulus can maintain its dominance for a longer period than would be expected from an 
account purely based on eye competition (Bonneh, Sagi, & Karni, 2001; Kang & Blake, 2008; 
Lee & Blake, 1999; Logothetis et al., 1996; Pearson & Clifford, 2004). Although this effect is 
in itself convincing evidence for competitive interaction between pattern representations 
during binocular rivalry, the effect has been shown to be restricted to a rather narrow range o f 
stimulus characteristics, like a rapid reversal rate and low-contrast stimuli (Lee et al., 1999). 
Furthermore, an investigation o f  the temporal characteristics o f  stimulus rivalry (Bartels & 
Logothetis, 2008) revealed an initial larger influence o f eye-dependent processes on 
perceptual dominance. Over time, however, the effect reverses, with eye independent 
(stimulus-related) processes increasingly influencing perceptual switches.
Studies on image rivalry have primarily focused on dominance patterns. This has been 
the case both for studies on effects o f pattern coherence (e.g., Diaz-Caneja, 1928; Kovâcs et 
al., 1996) and for studies showing effects o f image rivalry using the flicker and swap 
technique (e.g., Logothetis et al., 1996; Pearson et al., 2004). All these studies consistently 
show that (coherent) images can remain perceptually dominant for a longer period o f time 
than what would be expected from an account o f binocular rivalry purely based on eye 
competition. On the suppression side o f  binocular rivalry, so far, only a few studies have 
hinted at similar effects o f image selectivity. Instead, binocular suppression has commonly 
been assumed to be the result o f a non-selective attenuation o f  the visual input to the 
suppressed eye (Blake & Logothetis, 2002).
The common method to study binocular suppression is to measure suppression depths 
(e.g., Blake & Fox, 1974; Fox & Check, 1968; Nguyen, Freeman, & Wenderoth, 2001; 
O'Shea & Crassini, 1981; Ooi & Loop, 1994; Smith, Levi, Harwerth, & White, 1982; Wales
& Fox, 1970). A typical finding is that sensitivity is reduced for probes presented to the 
suppressed eye compared to when they are presented to the dominant eye, which in itself can 
be seen as evidence for suppression within monocular channels. It has also been shown that 
the relative sensitivity to a test probe is largely independent o f the similarity between a test 
probe and a suppressed stimulus on which the test probe was presented (Nguyen et al., 2001),
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which is again support for the dominant role o f  eye suppression in the process o f resolving 
binocular rivalry. Furthermore, suppression depth is larger during conventional rivalry than 
during eye swapping (Bhardwaj, O'Shea, Alais, & Parker, 2008), which led to the conclusion 
that eye rivalry is reduced during eye swapping. It has been demonstrated that the chromatic 
sensitivity curve as a function o f  stimulus wavelength are different during dominance and 
during suppression (Smith et al., 1982). Where during the dominance phase the sensitivity 
curve clearly shows three peaks, corresponding with the chromaticity channels, the curve 
shows one single broad peak at 555 nm during suppression. These results are interpreted as 
indicating differential attenuation o f chromatic and achromatic information during 
suppression. At this point it might be sensible to distinguish between two different definitions 
o f stimulus selectivity during suppression. The selectivity shown in the study by Smith et al. 
and also by some other studies (e.g., Ooi et al., 1994) indicates that suppression depth is not 
similar for all stimulus features. In this study-we want to investigate whether suppression o f 
one or more specific features leads to a reduction o f  sensitivity to those features. Previous 
studies on suppression depth, like the one by Nguyen et al. (2001), suggest that this is not the 
case. The methods to investigate underlying mechanisms o f binocular suppression in the past, 
however, have all been quite similar, focusing on the sensitivity to probes presented on the 
suppressed stimulus. There are a few studies that are indicative o f  the possible involvement o f 
selective mechanisms during suppression. Alais and Parker (2006), for example, showed that, 
where sensitivity to face probes is reduced during suppression in face rivalry, a similar 
reduction o f  sensitivity for face probes does not occur when, instead o f  faces, motion pattern 
are engaged in rivalry. This shows that sensitivity to a test probe depends on its featural 
similarity with a suppressed stimulus, supporting the idea o f  selectivity during suppression. 
Furthermore, it has been reported that sensitivity to an orientation change during suppression 
is reduced depending on the magnitude o f  this change (O ’Shea & Crassini, 1981) and that 
suppression o f  center motion was contingent on the direction o f  surround motion (Paffen, 
Alais & Verstraten, 2005). A recent study o f  Stuit, Cass, Paffen, and Alais (2009) showed 
lower contrast sensitivity to a probe with orientations close to the orientation o f a suppressed 
stimulus on which the probe is presented. All these findings point towards the involvement o f 
feature selective mechanisms during suppression. In this study we take a rather different 
approach investigating feature selectivity during binocular rivalry. Two experiments are 
presented that provide support for the claim that feature selective processes do play a role not
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only during dominance (experiment 1) but, to certain extent, also during suppression 
(Experiment 2).
In both experiments we will use a dichoptic suppression paradigm (Van Lier & de 
Weert, 2003), which is pre-eminently efficient in exposing effects o f image rivalry. In 
Experiment 1, we show that the visibility o f  a central grating speeds up the perceptual 
appearance o f a similar, though suppressed peripheral grating, as compared to the perceptual 
appearance o f a dissimilar suppressed peripheral grating. In Experiment 2, we subsequently 
show that the similarity effect from Experiment 1 tend to reverse when the central grating is 
perceptually suppressed during each trial. The results o f the latter experiment show that a 
suppressed peripheral grating identical to a suppressed central grating tends to become visible 
later than a dissimilar suppressed peripheral grating. We interpret these results as support for 
the idea o f feature selectivity during binocular suppression.
Experiment 1 
Method
Observers
Fourteen undergraduate students (mean age 21.9 years) participated in this experiment. All 
observers had normal or corrected-to-normal vision and were naive with respect to the 
experimental questions. Observers received course credits for their participation.
Stimuli and Material
In each trial, the same frame (Figure 1) was presented to each eye at the same retinal location. 
This frame consisted o f a dark grey background surface (L = 14.12 cd m -2) and a lighter grey 
grid (L = 60.38 cd m-2). On the grid, there were three squares (0.51 deg x 0.51 deg) with the 
same homogeneous grey color as the background frame. These three squares (the stimulus 
locations) were presented next to each other with a visual angle o f  0.64 deg between the 
centers o f  each two neighboring squares. Stimuli were gratings with a diameter o f 0.32 deg. 
These gratings were square-waved with a spatial frequency o f 7.85 cycles/deg. The color o f 
the gratings was either red (CIExy = 0.4211, 0.3270, L = 15.59 cd m-2) and grey (L = 8.01 cd 
m-2), or green (CIExy= 0.2665, 0.4160; L = 20.18 cd m-2) and grey (L = 8.01 cd m-2) with 
luminance contrast o f 0.32 and 0.43 for the red-grey and the green-grey gratings, respectively. 
The orientation o f the gratings was either horizontal or vertical.
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Figure 1. The background frame, with dimensions 3.31 deg x 1.70 deg was presented to 
each eye.
The experiment was run on a PC-Pentium-III configuration, and stimuli were presented on a 
19 inch CRT monitor. Stereoscopic vision was established by using a double mirror 
arrangement. The viewing distance (i.e., the length o f  the optical path) was 135 cm. 
Colorshop 2.6/monitor optimizer, X-Rite inc., was used for monitor calibration and color 
measurements.
Procedure
During each trial, colored gratings were presented at all 3 stimulus locations, but each grating 
was presented to one eye only. The left flanking grating was always presented to the same eye 
as the right flanking grating, with both being presented either to the same eye as the central 
grating or to the other eye. In the first stage o f each trial, the two flanking gratings were 
suppressed by two high contrast circular stimuli (suppressors) presented to the contralateral 
eye (Figure 2). In most trials, suppression was complete during the whole first stage o f 600 
ms. This suppression was the result o f the suppressors’ high contrast compared to that o f the 
gratings. The central grating remained visible for the participants during the whole trial.
In the second stage, the two suppressors were removed from the screen. As a result, 
the background frame was visible at the flanking gratings locations. Next, the suppressed 
gratings perceptually appeared at these locations. The moment o f perceptual appearance o f the 
two flanking gratings, however, was not necessarily the same. The task for the participants 
was to indicate after each trial w ith a key press which o f  the two flanking gratings became 
visible first in that trial. We chose not to measure reaction times, because we argued that 
instructing the participant to give a fast response could interfere with passively viewing the 
stimulus sequence during a trial. A third response button could be used by the participant to 
mark a trial as invalid if  one o f the flanking gratings became visible before removal o f  the
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suppressors or when for any other reason they were not able to judge which o f the two 
flanking gratings became visible first.
Figure 2. A schematic representation of a trial in Experiment 1. In the first stage, two 
gratings were perceptually suppressed by presenting two high contrast elements at the 
same retinal locations to the other eye. Two feature similarity conditions were defined, in 
which two flanking gratings were presented either to the same eye as a central grating 
(Intraocular feature similarity) or to the other eye (Interocular feature similarity). Next, 
the suppressors were removed from the screen, which led to the visibility of the 
background grid at the flanking locations, followed by the perceptual appearance of the 
two suppressed flanking gratings. We expected that the grating similar to the suppressed 
central grating would become visible earlier than the dissimilar grating.
Design
There were 3 similarity conditions: 1) Color & Orientation Similarity; the central grating had 
the same color and orientation as one o f  the flanking gratings but was different on both 
features compared to the other flanking grating, 2) Color Similarity; the central grating had 
the same orientation and color as one o f the flanking gratings, but was different on color 
compared to the other flanking grating, and 3) Orientation Similarity; the central grating had 
the same color and orientation as one o f  the flanking gratings, but was different on orientation 
compared to the other flanking grating. Varying feature similarity (color vs orientation) and 
the degree o f similarity (one feature vs tw o features) provides more insight in the 
generalizability o f  the similarity effects. As mentioned earlier, the two flanking gratings were 
always presented to the same eye, both either ipsilateral (intraocular feature similarity) or 
contralateral (interocular feature similarity) to the central grating. The distinction between 
intra- and interocular feature similarity is similar to the study by van Lier and de W eert 
(2003). Here we further explore whether effects o f similarity occur for both intra- and
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interocular conditions. The experiment was counterbalanced on each o f  the factors. For the 
color similarity conditions this means that in half o f the trials the similar gratings were green 
and in the other half they were red. A  similar balancing was applied to the other similarity 
conditions. Furthermore, the experiment was counterbalanced with respect to the side o f  the 
visual field on which the grating similar to the central grating was presented, and also with 
respect to the eye in which the central grating and the flanking gratings were presented, 
respectively. In total, there were 192 trials, which were presented in a randomized fashion.
Results
Analyses were performed on trials in which the flanking gratings were indeed suppressed 
during the suppression phase and in which participants were able to judge which o f the two 
flanking gratings became visible first. O f all valid trials (82.0%; SD = 14.1), percentages were 
calculated in which the grating identical to the central grating perceptually appeared before 
the dissimilar grating. The Shapiro W ilk test revealed that for none o f the conditions the 
distribution o f percentages differed significantly from normality.
Figure 3. Results of Experiment 1. Bars represent the percentage of trials (mean ± 1 
SEM) in which the flanking grating similar to the visible central grating became visible 
first. For each bar, the maximum value (100%) corresponds with the total number of valid 
trials for that specific condition. Each percentage was tested against chance level (* p  <
.005).
Figure 3 shows the results on the 3 similarity conditions. For all reported effects, mean 
percentages are given. Two-tailed student’s t-tests reveal significant effects for each
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condition. In a majority o f  trials in the Color & Orientation Similarity condition (62.2%) 
participants saw the grating identical to the visible central grating appear before the dissimilar 
grating (t13 = 4.14, p  < 0.005). This was also the case in the Color Similarity condition 
(58.6%; t13 = 3.469, p  < 0.005), and in the Orientation Similarity condition (58.0%; t13 = 
4.648, p  < 0.001).
We will now focus on the trials in which the flanking gratings were presented 
ipsilaterally to the central grating (i.e. the intraocular feature similarity condition). In a 
majority o f trials in the Color & Orientation Similarity condition (63.8%) participants saw the 
grating similar to the visible central grating appear before the dissimilar grating ( t13 = 4.276, p  
< 0.001). This was also the case in the Color Similarity condition (60.0%; t13 = 3.304, p  < 
0.01), and in the Orientation Similarity condition (56.6%; t13 = 3.848, p  < 0.005). Similar 
results were found when the flanking gratings were presented contralaterally to the central 
grating (i.e. the interocular feature similarity condition). In a majority o f trials in the Color & 
Orientation Similarity condition (60.7%), participants saw the grating similar to the visible 
central grating appear before the dissimilar grating (t13 = 2.756, p  < 0.05). Again, this was 
also the case in the Color Similarity condition (57.6%; t13 = 2.493, p  < 0.05) and in the 
Orientation Similarity condition (59.1%; t13 = 3.258, p  < 0.01).
Control Experiment
To test whether the effects we found could be the result o f a response bias, we have 
performed a control experiment. M ore specifically, we tested whether observers tended to 
respond that a flanking grating which was similar to the central grating was seen first. The 
stimuli used for this experiment were similar to the ones used in the original experiment. Each 
trial started with the presentation o f  the central colored grating to one o f the eyes. After a 
short period (random between 500 ms and 1500 ms) the two flanking gratings were presented. 
This time, no suppressors were presented. Like in the original experiment, one o f these 
flanking gratings was similar on color and orientation to the central grating. The other 
flanking grating was dissimilar to the central grating on both features. The flanking gratings 
were either presented at the same time or there was a 22 ms time interval between the 
presentation o f  the left and the right flanking grating. Observers (n=5, 192 trials each) had to 
judge which o f the two flanking gratings appeared first. W hen observers were not able to 
decide which grating appeared first they could indicate so, just like in the original experiment. 
For the trials in which both flanking gratings were presented simultaneously, observers were
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not able to make a judgm ent in 68.4% o f the trials, i.e., they correctly indicated simultaneity. 
In 15.9% o f the trials, they reported that they first saw the grating similar to the central 
grating and in 15.6% o f the trials they first saw the dissimilar grating. All in all, there was no 
effect o f similarity on the responses that were given. From these results we conclude that the 
effects found in Experiment 1 are not the result o f a response bias and that the effects in 
Experiment 1 are caused by differential activation o f suppressed gratings.
Discussion
In a majority o f trials, observers saw the grating similar to the central grating appear before 
the dissimilar grating. The effects are similar for the intraocular and interocular similarity 
conditions and hold for both color and orientation similarity, but appear to be largest when 
feature similarity is defined by both features (color and orientation). These results add to the 
converging evidence for competition between image representations in binocular rivalry, in 
which similar stimuli have the tendency to be visible at the same time (e.g., Alais et al., 1999; 
de W eert et al., 2005; Diaz-Caneja, 1928; Kovâcs et al., 1996; Suzuki et al., 2002; van Lier & 
de Weert, 2003). It should be noted that when the suppressors are taken away it takes some 
time before the flanking gratings become visible anyway (see also van Lier & de Weert). To 
get an indication o f the duration o f the interval between removal o f  the suppressors and 
perceptual appearance o f  the suppressed flanking gratings, we have additionally measured 
response times (5 observers, 128 trials each) using an experimental setup in which both 
flanking gratings were either the same or different as compared to the central grating (having 
all other parameters similar to Experiment 1). The results revealed response times for the 
same and different conditions o f 1191 ms and 1387 ms, respectively. In case o f  immediate 
visibility, one would expect mean reaction times no longer than 500 ms. So, when the 
suppressors are removed, all gratings tend to remain suppressed for some time as a result o f  
rivalry between the gratings and the background grid in the contralateral eye. In fact, this 
stage in which gratings remain temporarily suppressed is crucial in our method, as it can 
reveal small differences in suppression strength between the two flanking gratings. N ote that 
the method as used in Experiment 1 is rather different from the paradigms used in most 
previous studies on this topic. In most studies, dominance durations in ongoing perceptual 
alternations are used to measure effects o f stimulus coherence. It has recently been shown that 
initial dominance characteristics during binocular rivalry are fundamentally different 
compared to dominance patterns during continuous viewing (Carter & Cavanagh, 2007),
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which could explain the discrepancy between previous findings and our current findings. 
Sobel and Blake (2002) used a paradigm where they suppressed one o f four gratings by 
presenting a rotating checkerboard to the other eye. They found that global motion did not 
influence the perceptual appearance o f the suppressed grating. The diverging results suggest 
that effects o f perceptual grouping between visible and suppressed elements are rather feature 
dependent and that one has to be cautious in generalizing effects obtained with different 
paradigms and different stimulus characteristics.
After having shown that the suppression paradigm we used is a successful tool for 
exposing feature selective facilitative effects during binocular rivalry, we will use a 
modification o f the paradigm to investigate possible effects o f stimulus selectivity during 
binocular suppression. W here the central oriented grating was visible during the whole trial in 
Experiment 1, this central grating will be perceptually suppressed during the whole trial in 
Experiment 2.
Experiment 2 
Method
Observers
Twenty-four undergraduate students (mean age 20.8 years) participated in this experiment. 
All observers had normal or corrected-to-normal vision and were naive with respect to  the 
experimental questions. Observers received course credits for their participation.
Stimuli and Material
In Experiment 2, the same stimuli and material were used as in Experiment 1.
Procedure and Design
During each trial, colored gratings were presented at all 3 locations, as in Experiment 1. 
Again, the left flanking grating was always presented to the same eye as the right flanking 
grating, with both flanking gratings presented either ipsilaterally or contralaterally to the 
central grating. The main difference with Experiment 1 was that in this second experiment the 
central grating was suppressed during the whole trial (Figure 4). Thus, in the first stage o f 
each trial (600 ms), all three gratings were perceptually suppressed by presenting high 
contrast suppressors at each location to the eye contralateral to the grating. In the second
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stage, the two flanking gratings were removed from the screen. As mentioned earlier, the 
central grating remained suppressed during this stage. As in Experiment 1, the task for 
participants was to indicate with a button press which o f  the flanking gratings became visible 
first. The design o f  Experiment 2 was the same as the design o f Experiment 1, with the same 
(counterbalanced) similarity conditions (Color & Orientation Similarity, Color Similarity, and 
Orientation Similarity). Again, participants had a third response option to indicate a trial as 
invalid, either when suppression was incomplete or when for any reason he or she was not 
able to judge which o f the flanking gratings was visible first.
Figure 4. A schematic representation of a trial in Experiment 2. In the first stage, all three 
gratings were perceptually suppressed. As in Experiment 1, feature similarity could be 
either intraocular or interocular. Next, the two flanking suppressors were removed from 
the screen, which led to the visibility of the background grid at the flanking locations, 
followed by the perceptual appearance of the two suppressed flanking gratings. We 
expected that the grating similar to the suppressed central grating would appear later than 
the dissimilar grating, as a result of feature suppression.
Results
Again, we have analyzed all valid trials (69.1%, SD = 16.0) in which the flanking gratings 
were indeed suppressed during the suppression phase. O f the valid trials, percentages were 
calculated in which the grating similar to the central grating perceptually appeared before the 
dissimilar grating. The Shapiro Wilk test revealed that for none o f the conditions the 
distribution o f percentages differed significantly from normality. Figure 5 shows the results 
on the 3 similarity conditions. For all reported effects, mean percentages are given. Two­
tailed student’s t-tests reveal significant effects for the Color & Orientation Similarity 
condition. In a minority o f  trials in this condition (44.8%) participants saw the grating
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identical to the visible central grating appear before the dissimilar grating (t13 = 2.589, p  < 
0.05). There were no significant effects in the Color Similarity condition (46.7%; t13 = 1.716, 
p  = 0.10) and in the Orientation Similarity condition (50.5%; t13 = .524, p  = 0.61).
Figure 5. Results of Experiment 2. Bars represent the percentage of trials (mean ± 1 
SEM) in which the flanking grating similar to the suppressed central grating became 
visible first. For each bar, the maximum value (100%) corresponds with the total number 
of valid trials for that specific condition. Each percentage was tested against chance level 
(* p  < .05).
We will now focus on the trials in which the flanking gratings were presented ipsilateral to the 
suppressed central grating (intraocular feature similarity). The effect o f the Color & 
Orientation Similarity condition was marginally significant (t23 = 1.947, p  = 0.064), revealing 
that in a minority o f  trials (44.5%) participants saw the grating similar to the suppressed 
central grating before they saw the dissimilar grating. For Color Similarity this was the case in 
44.2% o f the trials (t23 = 2.947, p  < 0.01). There was no significant effect o f Orientation 
Similarity. For the trials in which the flanking gratings were presented contralateral to the 
suppressed central grating (interocular feature similarity) the results were as follows. For the 
Color & Orientation Similarity condition, in a minority o f trials (44.7%) participants saw the 
grating similar to the suppressed central grating before they saw the dissimilar grating ( t23 = 
2.345, p  < 0.05). For interocular feature similarity, there were no significant effects for the 
interocular Color Similarity and Orientation Similarity conditions.
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Discussion
W hen feature similarity between the suppressed central grating and one o f  the flanking 
gratings was defined by both color and orientation, similar results were obtained for the 
intraocular and interocular similarity conditions. That is, gratings identical to the suppressed 
grating tended to remain invisible for a longer duration than gratings which were different on 
both features, although this effect is marginally significant for the intraocular similarity 
condition. The relative delay in visibility as a result o f similarity with a suppressed stimulus 
suggests feature selectivity during suppression. Such feature selectivity would counter the 
assumption that suppression is non-selective with respect to the features o f the suppressed 
stimulus. For the conditions with a weaker similarity, defined by just one feature, the results 
are less clear-cut. Only for the intraocular color similarity condition we found a significant 
suppressive effect o f feature similarity, which seems to suggest that also for suppressed 
stimuli the strength o f perceptual grouping depends on the degree o f similarity.
The effects o f feature selectivity presented here seem to reveal two important 
characteristics o f binocular suppression. First o f all, they suggest that effects o f perceptual 
grouping do not only occur during perceptual dominance, but also during suppression, outside 
visual awareness. In addition, these grouping effects during suppression reveal that the 
cortical representations o f  suppressed stimuli are, at least to a certain extent, selectively 
inhibited while suppressed. This goes against the idea that during suppression all input to the 
suppressed eye is attenuated in a non-selective fashion. Our findings converge with results o f 
a few other studies which, using different methods, have already indicated that there might be 
a (feature) selective component to binocular suppression (Alais & Parker, 2006; O ’Shea & 
Crassini, 1981; Paffen et al., 2005; Stuit et al., 2009). We must note that the selective effects 
found during binocular suppression in our study and in previous studies tend to be relatively 
subtle compared to similar selective effects during perceptual dominance, which leaves the 
question to which extent the mechanisms underlying this selective suppression influence the 
perceptual outcome during binocular rivalry.
General Discussion
In this study we were interested in feature selectivity both during the dominance phase and 
during the suppression phase o f  binocular rivalry. There seems to be consensus in the 
literature that rivalry is resolved at multiple levels o f visual processing. Both the literature on
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the neural correlates and recent hybrid models o f binocular rivalry support this idea. Rivalry- 
related neural activity has been reported in lower-level visual areas LGN (Haynes et al., 2005; 
W underlich et al., 2005) and V1 ( Lee, Blake, & Heeger, 2007; Polonsky, Blake, Braun, & 
Heeger, 2000; Tong & Engel, 2001), but also further up the visual stream in areas like V4 
(Leopold & Logothetis, 1996) and MT (Logothetis & Schall, 1989). Hybrid models o f 
binocular rivalry (Dayan, 1998; Freeman, 2005; Wilson, 2003) also suggest that reciprocal 
inhibitory interaction does not only occur between monocular neurons, but also between 
binocular pattern representations. The effects o f pattern coherence (Alais et al., 1999; Diaz- 
Caneja, 1928; Kovâcs et al., 1996; Lee & Blake, 2004; van Lier & de Weert, 2003) and 
effects o f image rivalry obtained from using the flicker and swap technique (Lee et al., 1999; 
Logothetis et al., 1996) emphasize the involvement o f binocular image representations in 
binocular rivalry. In our Experiment 1, we also found effects o f pattern coherence. M ore in 
particular, the similarity o f  a flanking grating with the central grating led to an earlier 
perceptual appearance compared to a dissimilar grating. One could speculate here about 
possible mechanisms by means o f  which stimuli with similar features facilitates removing o f 
suppression. The results o f  Experiment 1 in fact resemble the results o f previous studies (e.g., 
Kovacs et al, 1996; Van Lier & De Weert, 2003), showing that activation is facilitated by 
feature similarity. In addition, the results o f  Experiment 2 show that a relatively high 
similarity between a suppressed grating and a flanking grating may lead to a delayed visibility 
o f the flanking grating. Note, however, that this inhibitory effect is weaker than the excitatory 
effect in Experiment 1. Nevertheless, the differential influence o f the suppressed central 
grating on the visibility o f the flanking gratings points at a selective feature-dependent 
mechanism during suppression.
Lateral connections that underlie perceptual groupings (e.g., Kovacs, 1996) may have 
a role in the current feature selective effect. Both inhibitory and excitatory circuits as 
proposed in a hybrid account o f binocular rivalry (Tong, Meng & Blake, 2006) may further 
model the current effects. Tong et al., for instance, note that reciprocal excitatory connections 
among monocular neurons could account for grouping across adjacent areas o f neurons with 
similar orientation preferences. Such mechanism could explain the feature selective 
facilitative effects we have reported in Experiment 1. It seems more difficult to account for 
the feature selective suppressive effects we have reported in Experiment 2 by means o f 
similar mechanisms, purely relying on monocular excitatory-inhibitory circuits. Feedback 
projections from higher visual areas may also be involved in these effects o f feature
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suppression. As Tong et al. argue, feedback projections could (in)directly activate inhibitory 
neurons at lower areas. That is, feature selective suppressive effects could possibly result 
from inhibitory feedback projections from binocular pattern representations to monocular 
inhibitory neurons. Note that, in a similar way, the facilitatory effects o f feature similarity 
found in Experiment 1 could also be the result o f (excitatory) feedback projections from 
binocular pattern representations.
All in all, our results show that, depending on the visibility o f  the central grating, the 
central grating may either lead to an earlier or to a later visibility o f  a the same flanking 
grating. Stating it in a different way, one could say that the current results suggest that 
identical stimuli have the tendency to be synchronized, not only in visibility, but also in 
invisibility. Notably, these results seem to challenge a non-selective view on binocular 
suppression. Further research should focus on the generalizabilty o f these findings, e.g. when 
using other paradigms and different featural characteristics. Altogether, the results presented 
here suggest that the effects o f image rivalry as reported in the binocular rivalry literature 
should not solely be explained in terms o f  selective enhancement, but also by selective 
inhibition o f  visual patterns. From a phenomenological perspective this would lead us to 
conclude that we are not just selectively aware, but also selectively unaware o f specific parts 
o f the visual scene.
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Filling-in afterimage colors between 
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Abstract
It is known that when a colored surface is viewed for some time and a blank screen is 
presented afterwards, an afterimage can be perceived in the complementary color. Color 
appearances in afterimages are due to adaptation of retinal cones and they are especially vivid 
when contours, presented after the adapting image, coincide with the blurred edges of the 
afterimage (Daw, 1962). We report here that one and the same colored stimulus can induce 
multiple, differently colored afterimages, and that colored afterimages can also be perceived 
at regions that were not adapted to color. The observed filling-in of afterimage colors strongly 
depends on contours presented after the colored stimulus, revealing color-contour interactions 
that resemble filling-in of ‘real’ colors.
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We measured the effect of contours on the filling-in of afterimage colors by adapting to star­
like shapes that comprised red and cyan colored quadrilateral spikes attached to a grey central 
area (Figure 1A). This adapting star alternated over time with different achromatic test 
outlines. These test outlines were positioned either to include the red spikes and exclude the 
cyan spikes o f the adapting star, or vice versa. The afterimage-color, which appeared to be 
tinged with red or cyan, filled in the outlined area, even within the grey central area that was 
never colored (see Movie Ch3-1 on the Supplemental disc). Moreover, when both test 
outlines were presented in succession (as indicated in Figure 1A), the color of the afterimage 
switched rapidly (see Movies Ch3-2A/B on the Supplemental disc). That is, multiple colored 
afterimages were perceived in the central area of the test outline, following one and the same 
adapting stimulus.
A
Stimulus
Adapting Stimulus Test Outlines
CiRo-l R i C o - l l
(Cyan inside, Red outside, 
First outline)
(Red inside, Cyan outside, 
Second outline)
1000 ms 500 ms 500 ms
A ppearance
cyclic
Reddish afterimage Cyanish afterimage
B
dy
y
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Figure 1. Matching afterimage colors. (A) The adapting stimulus was a colored star with 
four red and four cyan quadrilateral spikes and a grey inner area (presented for 1000 ms), 
which alternated over time with two successive test outlines (presented 500 ms each). The 
stimulus sequence induced differently colored afterimages within the test outlines. The 
observers had to match the afterimage color in the center of the first and the second test 
outline. Four basic stimulus conditions are considered: CiRo-I: Cyan inside, Red outside,
First outline (which refers to the condition where the cyan spikes of the previously 
presented adapting stimulus appeared at a position inside, and the red spikes outside the 
first test outline); RiCo-I: Red inside, Cyan outside, First outline; CiRo-II: Cyan inside,
Red outside, Second outline; RiCo-II: Red inside, Cyan outside, Second outline. (B) The 
color matching results (mean results for 3 observers) are plotted in CIE (x,y) color space.
The small cross in the diagram on the left indicates the CIE (x,y) values of the 
background during the matching phase; the diagram on the right zooms in on that region.
The arrows represent the mean color impression with respect to the background. 
Generally, the RiCo conditions revealed cyanish afterimages, whereas the CiRo conditions 
revealed reddish afterimages. For each of the observers, the mean color impression was 
different from the background in each condition (F(2,6) > 18.2; p  < 0.005), and the RiCo 
conditions differed from the CiRo conditions (F(2,13) > 73.8; p  < 0.0001). See Appendix 
(Supplemental Experiment 1) for detailed results.
Apparently, the shift o f contours presented after the colored stimulus changes the signals that 
are averaged between the contours. Figure 1B shows color matching data from three 
observers, using the same procedure as in Figure 1A (see also Supplemental Experiment 1 in 
the Appendix). The perceived afterimage color depended on the adapting colors that lay on 
both sides of the subsequent test outline; the colors inside the test outline induced an 
afterimage in the complementary color, whereas the colors outside the test outline induced an 
afterimage color similar to the inducing colors, because o f contrast induction (Anstis, Rogers, 
& Henry, 1978). Both effects were confirmed in a second experiment, using adapting stimuli 
with a broader range o f equiluminant colors (see Supplemental Experiment 2 in the 
Appendix). In this color judgement experiment (15 observers), there were adapting stimuli 
with just one color that could either be included or excluded by the subsequent test outline, as 
well as stimuli with two different colors, balanced with regard to the position of the test 
outlines (as in Experiment 1). For the various color combinations, the results revealed mixed 
afterimage colors, but also showed that the colors inside the subsequent test outline have a 
dominant influence on the perceived afterimage.
Our results show that afterimage colors may spread to previously uncolored areas, 
triggered and constrained by contours presented after the colored image. In the past decades, 
similar color-contour interactions have also been reported for filling-in phenomena with 
‘real’ colors like the neon-color effect or the watercolor illusion (Pinna, Brelstaff, & 
Spillmann, 2001; Komatsu, 2006). It is commonly believed that such color filling-in 
phenomena are generated by neural circuitry that also process normal color perception, where
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early cortical areas are thought to fill-in colors by means of a contour-based filling-in 
mechanism (Komatsu, 2006; Grossberg, 2003). To date, however, a full explanatory account 
of filling-in effects still has to be given (Komatsu, 2006; Grossberg, 2003; Paradiso & 
Nakayama, 1991; Cornelissen, Wade, Vladusich, Dougherty, & Wandell, 2006; Shimojo, 
Kamitani, & Nishida, 2001; Friedman, Zhou, & Von der Heydt, 2003; Von der Heydt & 
Pierson, 2006). Our results with afterimages indicate that cortical color filling-in processes are 
also involved when incoming signals are caused by adaptation of retinal receptors. Given the 
similarities between ‘real-color’ filling-in and afterimage color filling-in, a common 
underlying mechanism for these effects seems plausible as well. For example, the same color- 
edge selective neurons that are thought to be responsible for the filling-in effect in the 
watercolor illusion (Pinna et al., 2001; Friedman, et al., 2003; Von der Heydt & Pierson, 
2006) might also trigger the filling-in o f afterimage colors. Various modified versions o f our 
stimuli could be used to further explore the underlying mechanisms (see Movie Ch3-3 on the 
Supplemental disc for an example with illusory contours as test outlines). Altogether, our 
filled-in afterimages reveal color-contour interactions that resemble those of ‘real’ colors, 
providing additional data for understanding color filling-in.
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Appendix
This document describes the methods and results of our two experiments in greater detail. The 
first is a color matching experiment (3 observers, the procedure and results were briefly 
described in Figure 1 of the Correspondence); the second is a color judgment experiment on a 
larger range of color settings (15 observers).
Supplemental Experiment 1
Stimuli and procedure
An adapting 8-pointed colored star alternated over time with two successive achromatic test 
outlines (see Figure 1 and also Movies Ch3-2A/B on the Supplemental disc). The colored star 
comprised two 4-pointed stars (upright versus oblique) whose points could have one o f two 
colors: red (CIE (x,y) = 0.3768, 0.3285; L= 41.91 cd/m2) or cyan (CIE (x,y) = 0.2597, 
0.3330; L= 40.95 cd/m2). The center of the adapting star was grey (CIE (x,y) = 0.3054, 
0.3187; L= 42.87 cd/m2), the background was of a lighter grey (CIE (x,y) = 0.3119, 0.3279; 
L= 58.13 cd/m2). The colors were balanced across the two component stars (upright red star / 
oblique cyan star; upright cyan star / oblique red star). The adapting 8-pointed colored star 
alternated with two achromatic test outlines, each one corresponding with one o f the 4- 
pointed stars. The 8-pointed colored star was presented for 1000 ms and the test outlines for 
500 ms each. With respect to each test outline we distinguish 2 different color settings: the red 
patches o f the previously presented colored star would fall inside the outline whereas the cyan 
colored patches would fall outside that outline (i.e. the RiC0 condition), and vice versa (CiR0). 
During the test phase, a second achromatic outline, the “matching outline”, appeared 
simultaneously with one of the test outlines and was presented next to the test outline. This 
matching outline was filled with an adjustable color mix that was under the observer’s 
control. The task of the observers was to adjust the color of the inner area of the matching 
outline until its color matched the perceived afterimage color in either the first or the second 
test outline. Thus, there were 8 unique stimuli: 2 colored star configurations; 2 temporal 
orders of test outlines; 2 matching outline appearances (simultaneously with the first or the 
second test outline). All stimuli were presented 4 times, so 8x4=32 adjustments were required.
The field inside the matching outline was adjustable by means o f keyboard buttons, 
modulating the RGB values. The observers could take as much time as they wished for each 
match, and, if necessary, they could reset the adjusted RGB values to restart the adjustment
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for each specific stimulus, until they were satisfied and definitely entered the adjusted RGB 
values. The stimuli were shown on a 19” monitor (100Hz), which was first calibrated using 
the X-Rite Monitor Calibrator. The visual angle of the star subtended 5.5°, and the afterimage 
and matching outlines were spaced 6.3° apart between the centers.
Participants
Three observers participated in this experiment. Two observers were expert viewers and 
authors of this correspondence (RL, MV). The third observer was a naive non-expert viewer 
(JW).
Results
We have determined the CIE(x,y) values for all adjustments and calculated the difference
from the background CIE(x,y) values (dx= xadjusted field — xbackground; dy= yadjusted field — ^adig^u^
where xbackground=0.3119 and ybackground=0.3279) per color setting per participant. In Table 1, 
for each participant the dx and dy values are given for the conditions R iCo-I (Red­
inside/Cyan-outside/First-outline), CiRo-I (Cyan-inside/Red-outside/First-outline), RiCo-II 
(Red-inside/Cyan-outside/Second-outline), CiRo-II (Cyan-inside/Red-outside/Second- 
outline). A MANOVA analysis confirmed that for each of the observers, for each of the above 
conditions, the adjustments differed from the background (see Table S1A for details). An 
additional analysis confirmed that for each o f the observers, the adjustments on RiCo-I 
differed from CiRo-I, and the adjustments on RiCo-II differed from CiRo-II (See Table S1B for 
details). That is, the results confirm the initial observation that the RiCo setting induces a more 
cyanish afterimage and the CiRo setting a more reddish afterimage.
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Table S1A. Adjustm ents per participant
RiCo-I CiRo-I RiCo-II CiRo-II
pp1 (RL)
dx= -.0044 
dy= .0005 
F(2,6)=138.9 
p<.0001
dx= .0034 
dy= .0016 
F(2,6)=40.4 
p=.0003
dx= -.0029 
dy= .0007 
F(2,6)=18.2 
p=.0028
dx= .0033 
dy= .0015 
F(2,6)=86.6 
p<.0001
pp2 (MV)
dx= -.0044 
dy= -.0005 
F(2,6)=57.6 
p<.0001
dx= .0051 
dy= .0003 
F(2,6)=223.3 
p<.0001
dx= -.0024 
dy= .0007 
F(2,6)=148.8 
p<.0001
dx= .0033 
dy= .0001 
F(2,6)=213.4 
p<.0001
pp3 (JW)
dx=-.0091 dx= .0110 dx= -.0075 dx= .0070
dy=-.0006 dy= .0004 dy= -.0001 dy= .0003
F(2,6)=165.9 F(2,6)=31.4 F(2,6)= 37.9 F(2,6)=155.1
p<.0001 p=.0007 p=.0004 p<.0001
Note. For each of the participants and for each condition (color-setting x outline-number), the
adjustment in CIE (x,y) color space is shown (dx Xadjusted field — xbackground; dy yadjusted field — 
ybackground, where xbackground 0.3119 and ybackground=0.3279). RiCo-I: Red-inside/Cyan- 
outside/First-outline; CiRo-I: Cyan-inside/Red-outside/First-outline; RiCo-II: Red-inside/Cyan- 
outside/Second-outline; CiRo-II: Cyan-inside/Red-outside/Second-outline.
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Table S1B, adjustments per participant
RiCo-I ~ CiRo-I RiCo-I CiRo-II
F(2,13)=150.4
p<.0001
F(2,13)=204.2 
p<.0001
pp1 (RL)
pp2 (MV)
pp3 (JW)
F(2,13)=73.8 
p<.0001
F(2,13)=171.1 
p<.0001
F(2,13)=93.4 
p<.0001
F(2,6)=130.0
p<.0001
Note. For each of the participants and for both outlines (first and second) the matching 
reveals clearly different afterimage colors for the two color settings. RiCo-I: Red-inside/Cyan- 
outside/First-outline; CiRo-I: Cyan-inside/Red-outside/First-outline; RiCo-II: Red-inside/Cyan- 
outside/Second-outline; CiRo-II: Cyan-inside/Red-outside/Second-outline.
Supplemental Experiment 2
In this experiment we used a broader variety of adapting colors. In all trials, a colored 
stimulus alternated with a single test outline.
Stimuli
The 8-pointed star configurations were the same as in Experiment 1. The colors, however, 
were different and were drawn from the Teufel-Wehrhahn color set (S1). This set contains 16 
colors that were selected to be isoluminant, perceptually equidistant and equally detectable. 
From this color set, four colors were used in the stimuli. These colors are positioned along 
two orthogonal axes in color space, to be referred to as Purple (P), Cyan (C), Green (G), and 
Red (R). CIE(x,y) coordinates are P: (0.278, 0.259); C: (0.284, 0.332), G: (0.345, 0.407); R: 
(0.322, 0.303), respectively. The conditions were as follows. Number of Colors (One Color 
versus Two Colors). In the One-Color condition the points of just one of the 4-pointed 
component stars were colored in one o f 4 colors (P, R, G, C); in the Two-Colors condition the 
points of each o f the two 4-pointed components were colored, each component star having its
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own color. There were 6 different color combinations (PR, PG, PC, RG, RC, GC). Each of the 
color combinations had two variations, balancing the colors across the two 4-pointed 
component stars, and each of the colored stimuli alternated with one of the 4-pointed test 
outlines. As a result we obtained 4 x 2 x 2 = 16 unique One-Color trials and 6 x 2 x 2 = 24 
unique Two-Colors trials. Note that for the One-Color condition there were 8 different color 
settings, accounting for the position o f the colors with respect to the subsequent test outline; 
the four colors could lie inside the (subsequent) test outline (to be referred to as P i, Ci, Gi, Ri) 
or they could lie outside the (subsequent) test outline (to be referred to as Po, Co, Go, Ro). In a 
similar way, for the Two-Colors condition there were 12 different color settings, depending 
on the position of the colors with respect to the test outline (i.e., P iRo, PiGo, PiCo, RiGo, RiCo, 
RiPo, GiCo, GiPo, GiRo, CiPo, CiRo, CiGo). Repetition: All unique trials were shown twice, 
which revealed a total of 80 trials for each observer.
Procedure
During the experiment, a ring of 16 disks with colors taken from the Teufel & Wehrhahn 
color set was shown on the monitor screen. The actual stimulus was shown inside this ring 
(see Figure S1). Both the colored star configuration and the subsequent test outline were 
shown for 1000 ms, in an alternating fashion. The task of the participants was to judge the 
afterimage color in the center of the test outline. After viewing at least four cycles, the 
participants responded by selecting the colored disk that most resembled the perceived 
afterimage. The response was given by entering one o f 17 keys on a keyboard (16 keys 
corresponding with one of 16 colors and one key was to be pressed when no afterimage was 
seen). The color disks were numbered 1 to 16 (see Supplementary Figure S1 for an example). 
Note that the colors numbered 1, 5, 9, 13 represent the colors P, R, G, and C, respectively.
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Figure S1. The stimulus was presented in the center of the screen and was positioned in 
the center of the Teufel-Wehrhahn color ring. The colored star stimulus alternated with 
one of two test outlines (not shown here) and the participants had to judge the color of the 
afterimage by selecting the color disk in the ring that resembled the afterimage color 
most. When no afterimage color was seen this could also be indicated.
Participants
Fifteen naive observers participated in the experiment (age 18-26 years). All participants had 
normal or corrected to normal vision and received course credits in turn for their participation.
Results
We have recoded each response in terms of coordinates on a circle with a radius of 1, 
matching with the position of the corresponding color disk (i.e., the response). The 
coordinates express the position on the Cyan-Red axis (x) and the Purple-Green axis (y). For 
example, the coordinates for the colors P, R, G and C are: P=(0,1), R=(1,0), G=(0,-1), 
C=(-1,0) etc. A no-afterimage response was recoded as (0,0). We then have calculated the 
mean afterimage coordinates for each color setting (based on 4 data points per participant per 
condition). In Figure S2A the afterimage coordinate plot is shown for the One-Color 
conditions when the colors were inside the subsequent test outline (i.e., One-Color inside 
condition, indicated by Pi, Ci, Gi, Ri) and when the colors were outside the subsequent test 
outline (i.e., One-Color outside condition, indicated by P 0, C0, G0, R0). In addition, Figure 
S2B shows the plot for the Two-Colors condition.
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A B
Figure S2. A) Mean responses for the One Color settings. The 16 color disks represent 
colors in the Teufel-Wehrhahn color ring. P, C, G, R are colors used in the stimuli (see 
text for CIE (x,y) values). All color judgments were recoded into coordinates, reflecting 
the position of the corresponding color disk on the circle (see text). The dots labeled Pi,
Ci, Gi, Ri represent the mean responses on stimuli where the colors in the color stimulus 
were inside the subsequent test outline. The dots labeled Po, Co, Go, Ro represent the mean 
responses on stimuli where the colors in color stimulus were outside the subsequent test 
outline. B) Mean responses on the Two Colors settings. The dots representing the mean 
responses on stimuli having the same inside color are connected with each other: (GiCo,
GiPo, GiRo), (RiPo, RiCo, RiGo,), (PiCo, PiGo, PiR), and (QPo, CiRo, QGo).
The plots in Figure S2A show that the afterimage colors for the One-Color condition go in 
different directions, depending on whether the color was inside or outside the subsequent test 
outline. The colors in the One-Color inside condition induced more or less complementary 
colors in the test outline, whereas the colors in the One-Color outside condition induced color 
appearances in the test outline that were similar to the presented colors (of course, all 
perceived afterimages were less saturated than the colors in the stimuli). The afterimages in 
the One-Color outside condition were the weakest: in 30% of the One-Color outside trials no 
afterimage was reported, whereas in 3.3% of the One-Color inside trials no afterimage was 
reported. The dominant influence of the colors inside the contours becomes especially clear 
when comparing the response coordinates on the Two-Color stimuli and the One-Color 
stimuli; the responses on the Two Color conditions appear to be more similar to 
corresponding One-Color inside conditions than to corresponding One-Color outside
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conditions. We have tested this by calculating the Euclidean distances between the response 
coordinates on the Two-Color condition and the corresponding response coordinates on the 
One-Color conditions (to be referred to with di and do, for the One-Color inside and One- 
Color outside conditions, respectively), for each observer (See Table S2). For all Two-Color 
responses, the mean distance with the corresponding One-Color-inside response was smaller 
than the mean distance with the One-Color-outside response, revealing an overall dominance 
of the afterimage o f the color inside the contour (Paired samples T-test, t11=-6.073, 
p=0.00081; the Shapiro-Wilk test revealed no deviation from normality). The mean ratio of 
the distances over all color settings was (di/do)= 0.44. In Table S2 the mean distances and the 
results on paired samples t-tests are given for each Two-Color condition (again, the Shapiro- 
Wilk test of Normality revealed no deviation from normality).
Although the colors outside the subsequent test outline induce relatively weak 
afterimages, they do have an effect. Consider the four clusters of response coordinates having 
the same inside color (GiCo, GiPo, GiRo), (RiPo, RiCo, RiGo), (PiCo, PiGo, PiRo), and (CiPo, 
CiRo, CiGo). Within each cluster, the response coordinates of the color settings having 
orthogonal colors (i.e., the first and last color settings in each cluster) differ from each other, 
such that the afterimage for each orthogonal pair shifts in the direction of the outside color 
(GiCo ~ GiRo: ti4= 6.137, p=000026; RiPo ~ RiGo: ti4= 5.042, p=0001710; PiCo ~ PiRo: ti4= 
4.106, p=.001071; CiPo ~ CiGo: ti4 = 6.647, p=.000011; for all distributions involved in these 
tests the Shapiro-Wilk test revealed no deviation from normality).
In conclusion, the current data reveal that a colored image may induce afterimage 
color filling-in within an outline presented after the image. Afterimages and filling-in are 
triggered and enhanced by the outlines. The afterimage color of a color outside the outline is 
similar to the inducing color (presumably resulting from contour enhanced contrast induction 
of the outside color afterimages) and is relatively weak, whereas the afterimage color of the 
color inside the outline is complementary to the inducing color and is relatively strong. When 
the colored image comprises colors that appear to be positioned inside and outside the 
subsequent outline, the afterimage colors tend to mix such that the afterimage color of the 
color inside the outline prevails.
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Table S2
Mean di Mean do t14 (n=15) p
(PiRo, Pi) = 0.282 (PiRo, Ro) = 0.994 -7.147 0.000005
(PiGo, Pi) = 0.201 (PiGo, Go) = 0.267 -0.878 0.394790
(PiCo, Pi) = 0.223 (PiCo, Co) = 1.001 -7.126 0.000005
,oGioRi Ri) = 0.393 (RiGo, Go) = 0.560 -1.218 0.243532
,oCioRi Ri) = 0.211 (RiCo, Co) = 0.623 -5.993 0.000032
(RiPo, Ri) = 0.389 (RiPo, Po) = 0.966 -5.229 0.000128
,oCio(Gi Gi) = 0.497 (GiCo, Co) = 0.946 -3.089 0.008010
,oPi(Gi Gi) = 0.407 (GiPo, Po) = 0.721 -3.752 0.002146
,oRio(Gi Gi) = 0.435 (GiRo, Ro) = 0.819 -2.532 0.023944
(CiPo, Ci) = 0.250 (CiPo, Po) = 0.993 -5.575 0.000068
,oRio(Ci Ci) = 0.200 (CiRo, Co) = 0.531 -3.356 0.004709
(CiGo, Ci) = 0.485 (CiGo, Go) = 0.591 -0.990 0.339118
Note: First, the Euclidian distance between the response coordinates on the Two Color stimuli 
and the response coordinates on corresponding One Color stimuli has been determined for 
each subject. For example: ^(PiR, Pi) = (((PiRo)x -  (Pi)x)2 + ((PiRo)y -  (Pi)y)2 )1/2 and do(PiRo, 
Po) = (((PiRo)x -  (P0)x)2 + ((PiRo)y -  (Po)y)2 )12. Mean di, Mean do: the mean distance (across 
subjects; Euclidean distances between the response coordinates on the Two-Color condition 
and the corresponding response coordinates on the One-Color conditions); t14,p: results on a 
paired samples T-test.
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Abstract
Recently, it has been shown that making distortions to the contours of a Herman grid-like 
configuration results in the disappearance o f the dark spots which are typically perceived at 
the intersections of the grid [Geier, J., Bernâth, L., Hudâk, M., & Séra, L. (2008). Straightness 
as the main factor on the Hermann grid illusion. Perception, 37, 651-665.] We show that 
luminance contours around the intersection induce the perception of lightness differences 
between the area between the contours at the intersection and the rest of the grid. Contrary to 
the Hermann grid effect, our phenomenon is also perceived in foveal vision and the effect is 
smeared out over the whole outlined area. Furthermore, the effect is independent of the shape 
and the polarity of the contours. We argue that the actual lightness effect occurs at the non­
intersecting parts of the bars. The effect results from simultaneous lightness contrast as 
already suggested in early explanations o f the Hermann grid and an additional capturing of 
these differences between luminance contours.
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It is known that homogeneously colored crossing bars may reveal lightness differences at the 
intersections. An example of this phenomenon is the Hermann grid (1870) which is perhaps 
one of the best known illusions in vision science. The classical demonstration shows black 
squares divided by white horizontal and vertical bars, on which dark spots can be perceived at 
the intersections of the white bars (see Figure 1a). The effect is strong in the periphery of the 
visual field, while the perceived spots are absent in foveal vision. In the past decades, the 
effect has been studied extensively which has led to various explanatory frameworks 
concerning the underlying mechanisms of the effect.
The earlier literature on the Hermann grid tried to explain the effect in terms of 
simultaneous lightness contrast (e.g., Hermann, 1870; Hering, 1920). According to this 
theory, the perceived dark spots are the result of less simultaneous lightness contrast at the 
intersections, since the intersections are surrounded by less black than the rest of the grid. 
Following this argument, one could say that the perceived spots are not so much the result of 
a darkening at the intersection, but are mainly the result of a brightening at non-intersecting 
parts of the bars (Spillmann, 1994). In 1960, Baumgartner introduced a theory on the 
Hermann grid effect which focuses on the working of retinal ganglion cells. This theory has 
since then dominated the textbooks in explaining the Hermann grid effect. Because of the 
antagonistic center/surround structure of retinal ganglion cells (e.g., Kuffler, 1953; Spillmann, 
1994; Werblin & Dowling, 1969), these cells respond relatively strong to stimulation at the 
center of the receptive field, when the surround of the receptive field is hit by less or no 
activation. Since the surround of the receptive fields o f the cells at the intersections of a 
Hermann grid receive more activation than the surround of cells at non-intersecting parts of 
the bars, these cells at the intersections are less responsive. According to the retinal ganglion 
cell theory, this results in the perceived dark spots at the intersections of the grid. The lack of 
the effect at the fovea of the visual field could, according to this theory, be explained by the 
fact that the receptive field size is much smaller at the center of the visual field than in the 
periphery. As a result, also the surround of cells at non-intersecting parts of the bars receive 
activation in the center of the visual field, with that, reducing or eliminating differences in 
responses between ‘intersection’ and ‘non-intersection’ retinal ganglion cells.
The retinal ganglion cell theory can account for the majority o f characteristics o f the 
Hermann grid effect. Nevertheless, several studies have demonstrated that the theory is at 
least not sufficient to explain the Hermann grid effect to its full extent and it has been 
suggested more than once that cortical mechanisms also play a role in the effect (e.g., Geier,
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Bernâth, Hudâk, & Séra, 2008; Lingelbach, 1985; Schiller & Carvey, 2005; Spillmann, 1994). 
Schiller and Carvey brought forward several arguments to demonstrate that the retinal 
ganglion cell theory is not tenable. Here, we will mention a few of them. For instance, when 
diagonal bars are added to the original Hermann grid, one would expect an increase of the 
effect size as a result of increased center/surround antagonism at the intersections of the bars. 
This is not what happens. If  anything, the effect even reduces as a result o f adding the 
diagonal bars (see also Lingelbach, 1985; Spillmann, 1994). Furthermore, the organization o f 
retinal ganglion cells does not correspond with the organization suggested by Baumgartner’s 
theory. Schiller and Carvey propose an alternative theory with an important role for S1 type 
simple cells in the primary visual cortex which respond to the grid. Another challenge for 
Baumgartner’s theory came recently from Geier, Séra, and Bernâth (2004) and from Geier et 
al. (2008), who presented demonstrations showing that making simple distortions to the grid 
results in the disappearance of the original effect (Figure 1b). They argue that the straightness 
of the grid lines is the most important factor in causing the illusory spots at the intersections 
of the Hermann grid.
Figure 1. On the left side a traditional Hermann grid is presented, while on the right side 
small distortions have been made to the grid. As a result of these distortions, the dark 
spots that are perceived in a traditional Hermann grid are absent at this side of the figure.
An observation which hasn’t received very much attention in the literature so far is that 
extending the contours of a traditional Hermann grid at the intersections of the grid leads to
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illusory lightness difference at the intersection which homogenously spread between the 
contours surrounding the intersections (Jung, 1973; Spillmann, 1994). An interesting aspect of 
this effect is that it does not only occur in peripheral vision, as is the case with the original 
Hermann grid effect, but also in foveal vision. Additionally, it has been shown that presenting 
horizontal and vertical bars that differ in luminance (with one of the bars on top of the other at 
each intersection) leads to lightness effects in foveal vision (Hamburger & Shapiro, 2009; 
Spillmann & Levine, 1971). It seems that the luminance contours, which surround an 
intersection (e.g., Spillmann, 1994) or borders two sides of an intersection (e.g., Spillmann & 
Levine, 1971) causes the lightness effect to be captured at the intersection, even in foveal 
vision. The above studies makes one wonder how robust the extinctions o f the Hermann grid 
effect, as shown by Geier et al. (2008), are to contour modulations.
We argue that the original Hermann grid effect is primarily the result of two different 
mechanisms. First of all, simultaneous lightness contrast occurs between the squares and the 
grid. Normally, such effects perceptually fill in homogenously colored areas. In the Hermann 
grid, however, the straightness of the contours, in combination with the relatively large 
receptive field size in the periphery of the visual field, result in the activation of horizontal 
and vertical edge-detectors around the intersections. This might result in a partial blocking of 
the filling-in process at the intersections, which would be in line with the literature on filling- 
in in the relation with contours (e.g., Goldberg, 2003). This may also explain why the original 
effect disappears when distortions are being made to the grid. To test this hypothesis we have 
made a Hermann grid like configuration with curved contours. In this configuration we drew 
either black or white lines along the contours and extended these lines at the intersections, so 
that the intersections were surrounded by luminance contours. If our hypothesis is right, we 
expect a lightness differences at the whole outlined area at the intersections. This effect 
should be homogenous and irrespective o f the shape and the luminance polarity o f the 
luminance contours. In Figure 2-a1, dark gray fuzzy bars overlap each other on a light gray 
background. As can be seen, no (or only very weak) patches are perceived at the intersections 
of the fuzzy grid. However, when we present black contours at the luminance edges, and 
extend those contours at the intersections (see Figure 2-a2), the included areas at the 
intersections appear to be lighter than the rest of the fuzzy bars. In Figure 2-a3, white contours 
are added, which also leads to the perception of lighter gray spots at the intersections. This 
shows that the effect is irrespective of the lightness polarity of the presented contours.
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Figure 2. Similar figures are presented in panel (a) and panel (b), with the only difference 
being that in the first a dark gray grid is presented on a light gray background while in the 
second these luminance settings are reversed. In the upper figure of both panels no 
contours are presented around the grid and no lightness effect is perceived at the 
intersections of the grids. In the second figure of each panel, black contours are presented 
around the grids which are extended at the intersections. As a result, homogenous light 
gray patches can be perceived within the outlined area at the intersections of the left 
figure. Similarly, dark gray patches can be perceived in the right figure. In the lower 
figures, white contours are presented in both panels. As can be seen, these white contours 
do not influence the direction of the lightness effects compared to the black contours in 
the upper figures.
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In Figure 2-b, the same has been done for overlapping light gray fuzzy bars on a dark gray 
background. Again we start with a grid with no contours (Figure 2-b1), which does not lead to 
the perception of lightness differences at the intersections. Adding dark contours (Figure 2- 
b2) or light contours (Figure 2-b3) to the grid leads to the perception of darker inner areas at 
the intersections. Apparently, the direction of the effect (light versus dark) depends on the 
relative luminance o f the grid compared to the luminance o f the background, which is similar 
to the direction of the original Hermann grid effect. An important difference with the original 
Hermann grid effect, however, is that the current effects are also present in foveal vision. A 
further observation is that the area at which the lightness effect occurs seems to be bordered 
by, or captured between the contours surrounding the intersections, irrespective of the shape 
of the contours. This capturing also appears from a dynamic version of the effect showing that 
the induction o f the lightness differences between the contours is the result of a rather rapid 
process (see Movie Ch4-1 on the Supplemental disc). In this movie, a dynamic version of a 
fuzzy hermann grid is shown in which the (fuzzy) horizontal and vertical bars move in 
horizontal and vertical direction, respectively. Note that in the dynamic version the shapes of 
the outlined areas at the intersections are continuously modulated. Despite this modulation, 
the capturing of the lightness effect within the contours surrounding the intersection seems to 
occur instantaneously and is maintained over time (Movie Ch4-2 shows an example with 
different luminance settings).
In the following, we further zoom in on the effects as presented in Figure 2. More in 
particular, we present two experiments of which the first one shows that presenting straight 
contours around an intersection results in the lightness effect described above, irrespective of 
the polarity o f the contour. In the second experiment we demonstrate that the lightness effect 
is bordered by the contours surrounding the intersections, irrespective of the shape o f these 
contours.
Experiment 1 
Method
Participants
Ten healthy undergraduate students participated in this experiment (Age 20-27, mean age
20.4). They all had normal or corrected-to-normal vision and none of them had knowledge 
about the experimental hypothesis of the experiment. All observers received course credits for 
participation.
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Stimuli and Design
In this experiment, we focus on a single crossing of the grid. As already mentioned when we 
described our demonstrations, the effect we are reporting not only occurs in the periphery, but 
also in foveal vision. For this reason, we have chosen not to present a fixation on the screen, 
so that participants could freely focus at the crossing of the grid. The stimuli we used 
comprised a cross, consisting of a horizontal and a vertical bar (length: 34.5 cm, visual angle: 
17.8 degrees; width: 2.1 cm, visual angle: 1.09 degrees). Stimuli varied on the following 
factors: Contours, Luminance of the background (Lbackground), Luminance of the cross 
(LCross), and Luminance of the contours (LContour). These factors had the following levels. 
Contours: the bars either had no contours (Figure 3 a), contours around both bars, except at the 
intersection (Figure 3b), contours only at the intersection (Figure 3c), or contours around the 
bars, and extended at the intersection (Figure 3d). Luminance: Lbackground: light (L = 39.22 
cd/m2) or dark (L = 11.01 cd/m2); Lcross: light (L = 32.32 cd/m2) or dark (L = 16.54 cd/m2), 
and Lcontours: white (L = 99.99 cd/m2) or black (L = 0.00 cd/m2). The contours were 0.07 
cm (0.04 degrees) thick. Each of the 32 unique trials (4x2x2x2) was repeated four times, 
which led to a total of 128 trials, preceded by 4 practice trials.
Figure 3. The contour settings used in Experiment 1. The different panels show the 
conditions in which (a) no contours were presented around the bars whatsoever; (b) 
contours were presented around the bars, but not extended at the intersection of the bars;
(c) contours were presented only around the intersection of the cross and (d) contours 
were presented around the bars and were extended at the intersection. The area at the 
intersection of the bars started with a random luminance and had to be adjusted by the 
participant until its lightness was the same as the lightness of the arms of the two bars.
The experiment was run on a PC-Pentium-III configuration, and stimuli were presented on a 
19 inch CRT monitor. The viewing distance was 110 cm. Colorshop 2.6/monitor optimizer, 
X-Rite inc., was used for monitor calibration and color measurements.
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Procedure
In each trial, the luminance of the central square area, at the intersection of the cross, started 
at a random gray-value (corresponding with RGB values between 0 and 255). Participants 
were instructed to adjust the gray-value o f the crossing until its lightness was the same as the 
lightness of the remaining parts of the bars. This gray-value could be adjusted in steps of -10, 
-1, +1, or +10, with each option corresponding with a key on a standard keyboard (qwerty). 
When the participant had the impression that the central area had the same lightness as the 
rest of the cross, he/she had to press the space bar to continue with the next trial. Participants 
were informed that there was no time limit for adjusting the central area’s luminance.
Results and discussion
We calculated mean differences between the gray-value o f the bars and the gray-value o f the 
central square after matching. The analyses were performed on these gray-values. For all 
conditions, mean effects in terms o f luminance are presented below in Figure 4. Figure 4a 
shows the results for the conditions in which no contours were presented whatsoever, while in 
Figure 4b the results are presented for conditions in which contours were presented around the 
bars, though not extended at the intersection of the bars. In Figure 4c the results are presented 
for the conditions in which contours were presented only around the intersection of the bars. 
Finally, Figure 4d shows the results for the conditions in which contours were presented 
around the bars, and extended at the intersection of the bars. As can be seen in Figure 4a and 
Figure 4b, and supported by t-tests performed on the results on each separate condition, none 
of the conditions in which no contours were presented around the central area yielded 
significant lightness differences. Therefore we further analysed only the conditions in which a 
contour was presented around the central area (intersection) o f the cross (which are level 3 
and 4 of the factor Contours, corresponding with Figure 4c and Figure 5d, respectively). An 
Anova revealed a significant effect of Lbackground (F 1,9 = 349, p  < 0.001); when the cross 
was lighter than the background, the center square appeared darker than the rest of the cross, 
and vice versa. This interaction confirms our initial observations in Figure 2. Significant 
interactions were obtained for Lbackground x Lcross (F 1,9 = 5.13, p  < 0.05), Contours x 
Lcontour (F1,9 = 22.4, p  < 0.005), Lbackground x Lcontour (F 1,9 = 28.2, p  < 0.001), and for 
Lbackground x Lcross x Lcontour (F 1,9 = 17.0, p  < 0.005).
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Figure 4. Results of Experiment 1. The bars show, for each condition, the mean 
luminance difference between on the one hand the arms of the cross and on the other end 
the intersection of the cross after adjustment by the participants. In the upper two panels 
results are shown for the condition in which no luminance contours where presented 
whatsoever (a) and the condition in which contours were presented surrounding the cross, 
but not at the intersection (b). The lower two panels show the results on the condition in 
which luminance contours were presented around the intersection of the horizontal and 
the vertical bar (c) and the condition in which luminance contours were presented around 
both the horizontal and the vertical bar, both extended at the intersection of the two bars 
(d).
We now focus further on the effects found for the separate conditions. As mentioned before, 
the results in Figure 4a and 4b show that no lightness effects were obtained for all conditions 
in which no contours were presented around the central test area. Figures 4c and 4d show that 
in all conditions in which the luminance of the background was higher than the luminance of 
the cross, the area inside the contour was perceived as being lighter than the rest of the cross. 
This was the case both for dark and for light contours presented around the central area. The
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effect was significant for all conditions (t9 > 5.05, p  < 0.005), with the exception o f condition 
2 in Figure 5c (t9 = 2.082, p  = 0.067). On the other hand, in all conditions in which the 
background was darker than the cross, the area inside the cross was perceived as being darker 
than the rest of the cross (t9 > 3.46, p  < 0.01). These results show that the direction of the 
lightness effects is not influenced by the luminance of the contours. However, it seems that 
the effect sizes in either direction is larger when a white contour is presented around the 
crossing than in case of a black contour, as is reflected by the significant interaction 
Lbackground x Lcontour.
The results o f Experiment 1 first of all show that no lightness effects were perceived 
when no contours were presented around the intersection. This is in accordance with what is 
known about the Hermann grid, being that the effect does not occur in foveal vision. With 
respect to the effects shown in our demonstrations, the data on conditions with contours 
presented around the intersection are more interesting. Both the effect of the background 
luminance as found in the Anova and in the t-tests on the individual conditions reveal 
lightness effects in each separate condition. In all conditions in which the cross had a higher 
luminance than the background, the area at the intersection was perceived as being darker 
than the rest of the cross, as indicated by a matching response in the opposite direction. More 
importantly, the effect does not depend on the polarity o f the contour luminance. In all 
conditions with a dark gray cross presented on a light gray background the direction of the 
effect is reversed. Again, the effect does not seem to depend on the polarity o f the presented 
contours. Furthermore, the 2-way interaction between the background luminance 
(Lbackground) on the one hand and the luminance of the contours (Lcontour) on the other 
hand showed that the effect sizes are in general larger in white contour conditions than in 
black contour conditions. This might be explained by different distances between the contour 
lightness and the grid lightness. Most importantly, the direction of the lightness effect 
between the contours is independent of the polarity of the contours.
Experiment 2
The observations based on the configurations presented in Figure 2 suggest that the perceived 
lightness effects at the intersections are captured by the contours presented at the 
intersections, which is confirmed by the result o f Experiment 1. One observation was that the 
direction of the lightness difference is independent of the polarity o f the contours. Another 
aspect of our initial observation was that the capturing of lightness between contours is
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irrespective o f the shape of these contours. In Experiment 2 we investigated this initial 
observation by manipulating the shape o f the contour at an intersection and measuring its 
effect on perceived lightness. The stimuli we used for this experiment are derived from Geier 
et al.’s modifications o f the Hermann grid (2008), in which small distortions were made to the 
contours of the grid.
Method
Participants
Ten healthy undergraduate students participated in this experiment (Age 20-28, mean age
23.4). They all had normal or corrected-to-normal vision and none of them had knowledge 
about the experimental hypothesis of the experiment. All observers received course credits for 
participation.
Stimuli and material
As in Experiment 1, the stimuli consisted of a horizontal and a vertical bar, which crossed at 
the center of each bar (bars had a length of 34.5 cm, i.e., 17.8 degrees of visual angle, and had 
a width of 2.1 cm, (i.e., 1.09 degrees of visual angle). The horizontal bar, including its 
contour, was always straight, while the vertical bar and its contour could either be straight (as 
in the stimuli in Experiment 1) or have small indentations as in the example in Figure 5 below 
(the contours of the bars had a width of 0.07 cm, i.e., 0.04 degrees of visual angle). Only two 
luminance levels were used for the cross and the background, with either a dark cross 
(luminance: 16.54 cd/m2 ) presented on a light background (luminance: 39.22 cd/m2), or vice 
versa. In each trial, either black (L = 0.00 cd/m2) or white (L = 99.9 cd/m2) contours were 
presented surrounding the horizontal and vertical bars and continuing at the central area. The 
luminance o f the intersection of the cross (i.e., the central area), outlined by the crossings o f 
the two bars, had a luminance which was either marginally lower than, equal to, or marginally 
higher than the luminance of the rest of the cross: In case of a dark cross on a light 
background this central area had a luminance o f 15.90 cd/m2, 16.54 cd/m2, or 17.19 cd/m2; 
when a light cross was presented on a dark background the central area had a luminance o f 
38.19 cd/m2, 39.22 cd/m2, or 40.26 cd/m2.
The experiment was run on a PC-Pentium-III configuration, and stimuli were 
presented on a 19 inch CRT monitor. The viewing distance was 110 cm. Colorshop
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2.6/monitor optimizer, X-Rite inc., was used for monitor calibration and luminance 
measurements.
Procedure
In each trial, two small black dots were presented at different locations on the cross. The four 
possible dot locations are indicated as 1-4 in Figure 5. The task for the participants was to 
compare the lightness of the areas immediately surrounding the two dots, and to indicate 
which of those areas appeared lighter. In Figure 5, dots 1 and 4 are positioned outside the 
outlined intersection, whereas dots 2 and 3 are positioned inside the outlined area. In each 
trial, one of the following comparisons had to be made with respect to the lightness of the 
immediate surroundings o f the dots: 1 with 2, 3 with 4, 1 with 3, or 2 with 4. For the 
configuration with straight contours, only comparisons between the area surrounding dot 2 
and dot 4 had to be made. After a response was given (either ‘left’ or ‘right’), the next 
configuration appeared on the screen. The 60 unique configurations were all presented 4 
times, which led to a total amount of 240 trials. These trials were preceded by 4 practice trials 
and were presented in a randomized fashion.
Figure 5. In each trial of Experiment 2, two of the 4 dots in this figure were presented on 
top of the cross configuration. Participants had to judge which of the areas immediately 
surrounding the two dots appeared lighter. Notice that in the curved contour condition (a) 
dot 2 was located inside the outlined area, while in the straight contour condition (b) this 
same dot was located outside the outlined area. For dot 4, the location relative to the 
contour was reversed compared to dot 2 for both the curved and the straight contour 
condition.
71
Chapter 4
Results and discussion
Since the trials with physical luminance differences between center and surrounding area are 
treated as filler trials, we will present the results only for trials in which the outlined area was 
physically o f the same luminance as the rest of the cross. We start with analyzing the 
perceived lightness differences o f the areas surrounding dot 2 and dot 4. Notice that the 
position o f these dots switch with respect to their position on the crossing bars; in conditions 
with straight contours, dot 2 is located outside the outlined area and dot 4 is located inside the 
outlined area. For the curved contours conditions the relation between the dots and the 
contours is reversed compared to the straight contours conditions (see Figure 6). The results 
of this comparison for both the straight and the curved contours condition are presented below 
in Figure 6.
1 - j-  □  straight contours
□  curved contours
white contours black contours white contours black contours 
light background dark background
Figure 6. This figure shows the results on the comparisons between the area’s immediately 
surrounding dot 2 and dot 4 as defined in Figure 5 for both the curved and the straight contour 
condition. As can be seen the results are rather similar for the white and the black contour 
conditions. In the conditions with a dark cross presented on a light background, the area 
immediately surrounding dot 2 appeared lighter than the area surrounding dot 4, and vice 
versa for the condition with a light cross presented on a dark background.
As can be seen in Figure 6, for each luminance condition there are rather large differences in 
lightness effects depending on the shape o f the contours. Let us first zoom in on the 
conditions with a relatively dark cross on a light background. In most of the curved contours
72
Capturing lightness between contours
trials, the area surrounding dot 2 appeared lighter than the rest of the cross. This was the case 
both for the white contours trials (t9 = 6.194, p  < 0.001) and for the black contours trials (t9= 
4.630, p  < 0.005). In the same luminance conditions, but with straight instead of curved 
contours, the effect was reversed, with the area surrounding dot 4 now being perceived as 
lighter than the area surrounding dot 2. Again, effects were significant both for white contours 
(t9 = 7.235, p  < 0.001), and for black contours (t9 = 6.983, p  < 0.001). In the other luminance 
condition, with a light gray cross presented on a dark background a reversed pattern of results 
was obtained. In most curved contours trials, the area surrounding dot 4 (outside the outlined 
area) was perceived as being lighter than the area surrounding dot 2 inside the outlined area 
(t9 = 2.751, p  < 0.05 and t9 = 2.492, p  < 0.05 for white and black contours, respectively). Just 
as in the ‘dark cross’ conditions, the effects are reversed in the conditions with straight 
contours. Both for white contours (t9 = 5.452, p  < 0.001) and for black contours (t9 = 3.320, p
< 0.01) the area surrounding dot 2 now appeared lighter than the area surrounding dot 4. To 
summarize, for all conditions in which a dark cross was presented on a light background, the 
results show that the area surrounding the dot lying inside the outlined area was perceived as 
being lighter than the area surrounding the dot lying outside the outlined area. On the other 
hand, all conditions in which a light cross was presented on a dark background show a 
reversed pattern of results, with the area surrounding the dot inside the outlined area being 
perceived as darker than the area surrounding the dot outside the outlined area. This effect is 
independent of the shape and luminance of the contours used in this experiment.
The results for the other comparisons (dot 1 with dot 2, dot 1 with dot 3, and dot 3 
with dot 4) are in general consistent with the previously described results, meaning that the 
general pattern is that for the comparisons with a dark cross presented on a light background, 
the area surrounding the dot inside the outlined area appeared lighter than the area 
surrounding the dot outside the outlined area. This was the case for all comparisons in the 
white contours condition (t9 > 6.19, p  < 0.001), and for the comparison between dot 3 and dot 
4 in the black contours condition (t9 = 2.69, p  < 0.05). The comparison between dot 1 and dot 
2 and between dot 1 and dot 3 didn’t reveal a significant effect in the black contours 
condition. For the comparisons with a light cross presented on a dark background the general 
pattern is that the area surrounding the dot inside the outlined area is perceived as being 
darker than the area surrounding the dot outside the outlined area. Again, this was the case for 
all comparisons in the white contours condition (t9 > 2.59, p  < 0.05), and for the comparison 
between dot 1 and dot 2 (t9 = 3.52, p  < 0.01) and between dot 1 and dot 3 (t9 = 2.88, p  < 0.05)
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in the black contours condition. The comparison between dot 3 and dot 4 in the black 
contours condition was marginally significant (t9 = 2.29, p  < 0.051).
Figure 7. Shows the effect of contours presented at the intersections of a Geier-like 
modification of the Hermann grid. Without contours, no patches are perceived at the 
intersections (a), but when contours are presented dark patches are perceived within the whole 
outlined area (b), irrespective of the shape of these contours.
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If we take a Geier-like modification o f the Hermann grid, dark patches within the outlined 
area at the intersections are perceived, both for straight contours (Figure 7a) and for curved 
contours (Figure 7b). As in Experiment 1, the effect of Experiment 2 occurs both for a light 
gray grid on a dark gray background and vice versa. Furthermore, again the direction of the 
effect is independent of the polarity of the contours (either black or white).
To conclude, the results of Experiment 2 consistently show that the lightness effects at 
the intersections of the grid are captured by the contours, irrespective of the shape o f these 
contours. This effect becomes especially clear in the comparison of the areas surrounding dot 
2 and dot 4 (as defined in Figure 5) between the straight contours and the curved contours 
conditions. This comparison shows that as a result of curving the contours at the intersection, 
the area at which the effect is perceived is shifted together with these contours. In other 
words, the presentation of contours leads to the perception of areas o f homogenous lightness 
both at the intersections and at non-intersecting parts of the grid. Areas of different lightness 
are separated by the contours surrounding the intersection, irrespective of their shape and 
luminance polarity.
General Discussion
Recently, it was shown that making small distortions to the Hermann grid may result in the 
complete disappearance o f the Hermann grid effect (Geier et al., 2008). With the 
demonstrations and experiments that we have presented here, we show that extending the 
contours of a distorted grid at the intersections leads to the perception of lightness differences 
at the intersections of the grid, as compared to non-intersecting parts of the grid.
In the traditional Hermann grid illusion the dark spots that arise at the intersections 
largely stem from inhibitory signals of the receptive fields of retinal ganglion cells. As these 
receptive fields are larger in the visual periphery the dark spots are likely to arise in the 
periphery. The disappearance of the Hermann grid effect in Geier et a l.’s distorted grid (2008) 
points at an additional mechanism in the traditional Hermann grid. Geier et al. propose a 
radiating edge hypothesis, according to which the whiteness at non-intersecting parts of the 
Hermann grid is caused by radiation from dark/light edges between the squares and the 
intermediate bars. This radiation is argued to be stronger in case of continuous edges. Since 
the intersections are not affected by radiation, dark spots are perceived at these intersections 
in the Hermann grid. When distortions are made to the cross, radiation would be much 
weaker, as a result of which no patches are perceived at the intersections. The phenomena we
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present here seem to pose a challenge to Geier et al.’s hypothesis as presenting contours 
around the intersections of a distorted grid would not influence the radiation from the 
dark/light edges.
We suggest that the phenomenon we present here can best be explained in terms of 
simultaneous lightness contrast (SLC) and an additional capturing of the lightness differences 
between contours. We suggest that this mechanism deals with spreading of induced lightness 
contrasts between contours. The present demonstrations and experiments show that induced 
lightness contrast can indeed be captured between contours, and that this capturing is 
independent of the polarity and shape o f the contours. We argue that this capturing to a 
certain extent also modulates the percept in the traditional Hermann grid as the collinear but 
interrupted edges at the intersections may act as blocking borders as well, although weaker 
than a real luminance border. In that perspective, it is evident that the effects o f SLC are not 
spread over the whole grid in the periphery o f the visual field when we look at a traditional 
Hermann grid. Due to the relatively large receptive field size in peripheral vision, edge 
detectors at the intersections collinear to the straight contours of the grid squares are activated 
to a certain extent in the periphery o f the visual field, revealing a partial blocking at the 
peripheral intersections, which results in the perceived dark spots at the intersections. So, 
when distortions are made to the contours of the grid, like in Geier et al.’s demonstrations, 
orientation-selective edge detectors are less activated at the intersections, which prevents 
them from interfering with the spreading of the SLC effects.
The interaction between color and lightness on the one hand and contours on the other 
hand has been well documented and it has been argued and demonstrated that filling-in occurs 
by means o f a contour-based mechanism operating at early cortical areas (e.g., Komatsu, 
2006; Grossberg, 2003; van Lier, Vergeer, & Anstis, 2009). Such a contour based filling-in 
mechanism is responsible for the current phenomena as well. Because the spreading is 
blocked at the contours, the outlined area at the intersection would maintain its original 
perceptual quality in terms of lightness. The question whether the actual lightness effect in the 
Hermann grid is the result o f a darkening at the intersections of the grid or of a brightening at 
the non-intersecting parts of the grid has been addressed before (e.g., Spillmann, 1994) but no 
conclusive answer to this question has been given so far. As argued before (Spillmann), it 
seems to be impossible to determine an absolute point of reference when it comes to lightness 
perception, since the lightness we perceive at each single point in space cannot be attributed 
to one single factor.
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All in all the current lightness phenomena show the importance of lightness contour 
interactions. Effects like SLC are smeared out and are additionally blocked by contours. In 
other words, the phenomena presented here are a clear demonstration that lightness effects 
can be captured between contours.
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Local junctions and global interpretation 
in the Benary cross
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Abstract
The Benary cross is a classical demonstration showing that an area’s perceived lightness is not 
solely determined by its luminance, but also by the context in which it is embedded. Despite 
the fact that two identical gray triangles are flanked by an equal amount of black and white, 
one of the triangles is perceived as being lighter than the other one. It has been argued that the 
junctions surrounding a test area are crucial in determining perceived lightness. By gradually 
recomposing the Benary cross we have aimed to disentangle the role o f the junctions 
surrounding the test triangles from the role o f the global interpretation o f the cross. The results 
of a cancellation task confirm that the alignment of contours at junctions indeed has a strong 
influence on an area’s perceived lightness. At the same time, however, the Benary effect is 
also influenced by the global regularity o f the cross configuration, as found after manipulating 
the global shape and the orientation o f the configuration. We argue that an area’s lightness is 
to a large extent determined by its contrast with the area on which it is perceived. These 
perceived figure-ground relations are influenced by both local and global stimulus properties. 
The lightness of an area is not solely determined by its own luminance, but also by other 
luminances present in the same visual scene. This principal becomes clear in demonstrations 
of simultaneous lightness contrast (SLC), which shows that a homogeneous gray area looks 
lighter when surrounded by a homogenous dark area than when surrounded by a homogeneous 
light area. According to the ratio rule of lightness (Wallach, 1948) the difference in lightness 
of two test areas of the same luminance is determined by the amount of black and white 
surrounding each of these test areas. However, in the literature there are several examples of 
situations in which this rule is violated, meaning that the lightness relation of two test areas is 
different from what the ratio rule would predict solely on the basis o f the surrounding amounts 
of black and white in the visual scene (e.g., Adelson, 1993; Benary, 1924; Oh & Kim, 2004; 
White, 1979). These examples all show that the configural properties o f a scene influence the 
perceived lightness of the separate parts of this scene. One of the best known demonstrations 
is the Benary cross, discovered by Max Wertheimer and studied further by Benary (1924), 
which is presented in Figure 1.
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Figure 1. The Benary cross. Although both gray triangles are surrounded by the same 
amount of black and white, the left one appears to be lighter than the right one.
In the literature concerning the mechanisms underlying lightness perception, the influence of 
the specific alignment of different luminance areas on perceived lightness has been widely 
acknowledged. Zaidi, Spehar, and Shy (1997), for instance, manipulated perceived depth 
relations by presenting monocular 3-D images. The important role o f T-junctions was 
demonstrated with several examples, both in 2D images and in monocular 3D images. In the 
latter case, it was found that the position o f the different luminance areas relative to the T- 
junction is more important in determining perceived lightness than the depth plane in which 
the areas are perceived. The idea is that contrast induction occurs between the areas adjacent 
to the stem of the T (area I and II in Figure 2), but that similar contrast induction between the 
area on top of the T (area III) and the two other areas (areas I and II) is inhibited, as a result of 
the collinearity o f the contours. Todorovic (1997) also emphasized the importance o f T- 
junctions in determining lightness and following similar principles as Zaidi et al., he argued 
that the lightness is predominantly a function of the ratio of its luminance and the luminance 
of collinear regions, if an area shares its borders with several other regions, whose corners 
involve T-junctions. Furthermore, it has been argued that T-junctions function as signaling the 
presence o f an occlusion relationship (e.g., Anderson, 1997). According to this argument, the
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area on top of the T-junction (area III in Figure 2) occludes the two other luminance areas. 
Todorovic demonstrated that slightly shifting the test areas horizontally in White’s illusion 
leads to drastic changes with regard to the junctions, but apparently they do not lead to 
similarly drastic changes in lightness. In addition, Howe (2005) showed that removing the 
junctions in White’s effect does not lead to a significant reduction o f perceived lightness 
differences. These findings are clear indications that the presence of T-junctions in the retinal 
image is not in itself the cause of lightness effects, but that, as argued earlier, T -junctions are 
an important factor in determining perceived figure-ground relations. Possibly, grouping of a 
test area and a background surface could lead to scission or contrast induction between both 
layers, in line with anchoring theory (Gilchrist et al., 1999) and scission theory (Anderson, 
1997, 2003), respectively. This is in line with the idea that belongingness or grouping relations 
play an important role in lightness perception, as underlined by Agostini and Proffitt (1993). 
They facilitated belongingness by means of perceptual grouping due to common fate, figural 
alignment, or a combination o f both. For all manipulations they found that a gray target shape 
belonging to a similar group of black shapes appeared darker than a gray target shape of equal 
luminance belonging to a group of similar white shapes. Furthermore, Agostini and Galmonte 
(2002) demonstrated that the effect caused by global organizational properties o f a 
configuration can overcome the effect of low-level lateral inhibition in determining lightness, 
which is support for the idea that global grouping relations play a role in determining 
lightness.
contrast induction 
is inhibited
Figure 2. Contrast induction is suggested to occur between the areas on both sides of the 
stem of the T-junction (I and II), while contrast induction is suggested to be inhibited 
between the area topping the T-junction (III) and the gray area (II).
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The Benary cross andfigure-ground segregation
Since the Benary cross was created in an area dominated by the Gestalt tradition, it may not 
come as a surprise that the effect was originally presented as a demonstration that perceptual 
organization influences local lightness perception. The left triangle is commonly perceived as 
lying on top of the cross, while the right triangle is perceived as lying on the white 
background, juxtaposed to the cross. With the assumption that each area is contrasted with the 
background it is perceived on, it could be explained that the left triangle is perceived as being 
lighter than the right one. Differences between the two triangles in terms o f local junctions 
have been argued to be the most important factor in causing the differences in perceived 
figure-ground relations between the triangles. In the literature the role that global grouping 
and segregation processes can play in lightness perception has been demonstrated.
By means of stereoscopic presentation, Coren (1969) varied the perceived depth 
relations o f the cross and the triangles, with that manipulating the perceived figure ground 
relations. He found that the lightness o f each triangle depended on the luminance of the 
underlying surface on which it was perceived. In one condition the triangle superimposed on 
the cross was presented stereoscopically as if it was in the same depth layer as the white 
background, with the cross presented in a closer layer. So it looked like as if this triangle was 
seen through a triangular hole in the cross. As a result of this manipulation, the triangle was 
perceived to be significantly darker than when it was presented in the same layer as the cross. 
For the juxtaposed cross, no such difference was perceived. These findings are in line with the 
findings by Zaidi et al. (1997), who also showed that the lightness of a target area is 
influenced by the luminance of the surface on which it is perceived, independent of the 
perceived depth relations between the target and the background surface. So far, no known 
attempts have been made to disentangle the influence o f local differences in junctions between 
the two triangles from the influence o f the global visual regularity o f the configuration on the 
Benary effect.
The present study
Literature has clearly illustrated the important role played by T-junctions in figure ground 
segregation and, with that, in lightness perception (e.g., Anderson, 1997, 2003; Todorovic, 
1997; Zaidi et al., 1997). Therefore, there is no doubt that these junctions are an important 
factor in the Benary effect as well. The question remains what the role o f more global factors 
is in determining figure-ground segregation and lightness perception in the Benary cross. To
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gain more insight in this issue, we constructed several modified versions o f the cross. Below, 
we will describe a selection o f the configurations used in the experiment.
Figure 3. Examples of stimulus configurations used to study both the effects of global 
appearance and of T-junctions on perceived lightness.
First we manipulated the global appearance o f the configuration (see figure 3 b for an example 
of this manipulation). The ambiguity in figure-ground relations is increased by making small 
triangular indentations to each arm of the cross. Note that with regard to the contour junctions 
with the areas surrounding the triangles, there are no differences between the original Benary 
cross and our modified version of it. We do not expect the right gray triangle to be perceived 
differently from how it is perceived in the original cross. It is still seen as lying on the white 
background. The left (previously superimposed) gray triangle, however, can now be perceived 
in two possible ways. On the basis o f a junction analysis this triangle would still be perceived 
as lying on the cross. Taken into account that we have a preference for perceiving visual 
patterns with a high global regularity, an interpretation becomes plausible in which the left 
gray patch is perceived as being juxtaposed to the cross at one of the indentations made to the 
cross. Combining both arguments, perceived figure-ground relations in this configuration are 
expected to be more ambiguous than in the previous manipulation. That is why we expect a 
reduction o f lightness differences compared to the original Benary effect. Additionally, since 
the modification of the cross did not result in any change in contour junctions with 
surrounding areas, we do not expect a complete disappearance of the original effect.
Next, we zoom in on the role o f T-junctions in the Benary effect. The example shown 
in Figure 3 c is to a large extent the same as the configuration from Figure 3b, except for one 
crucial difference. The indentations made to the cross in Figure 3b are now shifted towards the 
middle of the cross until their contours are aligned with the hypotenuse of the right triangle. 
As a result, differences between the two triangles in contour junctions with adjacent areas are 
overcome. In line with the literature, which has suggested an important role for T-junctions in
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determining figure-ground relations, we again expect a significant reduction o f lightness 
differences between the triangles. If  we still find lightness differences in any direction, these 
differences can only be the result of a preference for one specific global interpretation. The 
original Benary cross (Figure 1) leads to a relatively unambiguous global percept of a cross, 
consisting of a horizontal and a vertical bar crossing each other. As argued, the indentations 
made to the cross already increased the ambiguity o f this global interpretation in our first 
manipulation (Fig. 3b), but in this second manipulation this ambiguity is even further 
increased. It is still possible to perceive the original cross. However, the alignment of the 
contours of the indentations made to the cross with the hypotenuse of the right triangle 
increases the plausibility of an interpretation in which the dark gray cross-like figure continues 
behind this right triangle. This interpretation would lead to a reversal o f figure-ground 
relations, in which the right triangle would now be perceived as lying on top of the dark gray 
central figure.
With the third factor we wanted to further investigate the role of the global appearance 
of the figure on the perceived lightness o f the gray triangles. This was done by manipulating 
the orientation of the Benary cross and all previously described variations of it. All variations 
were rotated clockwise by 45 degrees (see Figure 3d for an example). This rotation o f all 
configurations results in different contours in the configuration becoming more salient. The 
contours of the original cross are now diagonal and the contours that come to existence by 
introducing the indentations to the cross are now either horizontal or vertical, just as the 
hypotenuse of the right gray triangle. It is well-known that our visual system has a preference 
for horizontal and vertical orientations (e.g., Campbell, Kulikowski, & Levinson, 1966; 
Furmanski & Engel, 2000; Orban, Vandenbussche, & Vogels, 1984). Therefore we expect that 
after rotation o f the figure the plausibility is increased that the right gray patch is perceived as 
lying on top of the dark cross-like figure, especially in the configuration with indentations 
made to the cross. As a result, we predict the right triangle to become perceptually lighter 
compared to in the configurations before rotation.
Experiment 
Method
Participants
Sixteen healthy volunteers (aged 17 - 33 years, mean age 21.7 years) participated in this 
experiment. They were all students at the Radboud University Nijmegen and naive with
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respect to the experimental questions. All participants had normal or corrected-to-normal 
vision and received course credit for participation.
Design and Stimuli
The factors defined in the introduction are studied in a 2 x 3 x 2 design, in which the factors 
were respectively 1) presence o f indentations in the cross, 2) The position o f the 
indentations/triangles, and 3) the orientation of the figure. The first factor, Indentations, has 
the following two levels: 1) indentations absent and 2) indentations present. The second factor, 
Position, has three levels: 1) the left triangle and the indentations were positioned relatively on 
the outside o f the arms of the cross, 2) the left triangle and the indentations were positioned 
more towards the centre of the cross, in such a way that the hypotenuse of the right triangle 
was aligned with the contour of two of the indentations, and 3) the right triangle was 
repositioned in such a way that its hypotenuse was aligned with the right cathetus of the left 
triangle. The last factor, Orientation, also has two levels: 1) the cross was positioned in an 
upright position (as the original Benary cross), and 2) the cross was rotated by 45 degrees. 
These three factors combined lead to the 12 manipulations o f the Benary cross displayed in 
figure 4, which are the stimuli used in this experiment. Note that configuration 1 and 2 are 
rather similar, since for these configurations the repositioning of the left triangle did not result 
in any significant local or global changes in the stimulus. This is also the case for 
configuration 7 and 8.
Task and Procedure
In each trial, one o f the stimuli described above was presented on the screen at a viewing 
distance of 60 cm. The cross had a luminance o f 32.53 cd/m2 and consisted of two orthogonal 
arms o f length 16.7 cm and width 3.3 cm. The gray triangles had a base (hypotenuse) of 2.5 
cm and a height of 1.2 cm. One of the triangles in this stimulus had a gray-value of 167, which 
corresponded with a luminance of 43.41 cd/m2. The other triangle started with a random gray- 
value. The left and the right triangle started at a random gray-value, both in half o f the trials.
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Figure 4. The stimuli used in the experiment. The crosses in the examples in this figure 
are somewhat darker than in the actual experiment, with the aim to increase the visibility 
of the test triangles.
The task for the participant was to adjust the luminance of this latter triangle, until its lightness 
was the same as the lightness of the triangle with constant luminance, with the triangles 
indicated as ‘A ’ and ‘B ’, respectively. By using 4 response keys on a standard keyboard the
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gray-value could be adjusted in steps of respectively -10, -1, +1, +10. As soon as the 
participant pressed one of these four buttons, the letters ‘A ’ and ‘B ’ disappeared from the 
screen, so that they did not influence the lightness of the triangles. When the lightness of the 
two triangles was perceived as being equal, partic ipant had to press the ‘enter’ button to 
continue with the next trial. Each configuration was presented in 12 trials.
Results
In each trial, participants had to match the lightness of the two triangles. We took the 
difference in luminance between the two triangles after lightness matching as measure for the 
lightness effect of each particular configuration. Subsequently, we calculated the mean 
luminance difference between the two gray triangles for each configuration. On these 
luminance differences, we performed a repeated measures ANOVA in which all three main 
effects were significant (Indentations: F 1,15 = 72.4, p  < 0.001; Position: F 2,14 = 22.6, p  < 0.001; 
Orientation: F 1,15 = 33.5, p  < 0.001). All 2-way interactions were significant as well 
(Indentations x Position: F 2,14 = 11.8, p  < 0.005; Indentations x Orientation: F 1,15 = 10.3, p  < 
0.01; Position x Orientation: F 214 = 14.5, p  < 0.001). There was no significant 3-way 
interaction. The average measured luminance differences for each level o f each factor are 
presented below in Figure 5.
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Figure 5. Main effects of the indentations, the positioning of the triangular patches and 
indentations (if present), and the orientation of the configuration, respectively. As can be 
seen in the figure, lightness differences between the two triangles reduced as a result of 
manipulating the configuration on each of the factors.
88
Local junctions and global interpretation in the Benary cross
To gain more insight into the effect of each specific manipulation, we performed t-tests on 
each configuration. The effects of each separate configuration as well as the statistics o f the 
performed t-tests can be found in Table 1. As can be seen in the table, for all configurations, 
luminance differences were significant after matching the lightness of the two triangles. Note 
that the effect of manipulation 12 is significant in the opposite direction compared to the 
effects of all other configurations.
Table 1. Results on the cancellation task.
Configuration
(see Figure 4)
Relative gray 
value 
(left-right)
A luminance (cd/m ) 
(left-right)
1 6.95 3.91 **
2 6.45 3.62 **
3 4.86 2.72 **
4 6.03 3.38 **
5 2.61 1.45 **
6 2.90 1.60 *
7 6.30 3.53 **
8 5.27 2.94 **
9 2.28 1.26 **
10 4.62 2.57 **
11 1.14 0.63 *
12 -1.82 -0.99 **
Note. Luminance differences after cancellation of lightness differences between the left 
and the right triangle by the participant. These resulting luminance differences are taken 
as measure for the relative perceived lightness differences in corresponding 
configurations with triangles of equal luminance. * Luminance difference is 
significant w ithp  < 0.005, ** Luminance difference is significant w ithp  < 0.001.
We will now compare the lightness effects evoked by the separate manipulations. There are 
several ways of step by step de- or recomposing the original cross (configuration 1) into its 
final version (configuration 12), in which the cross is manipulated on all specified factors. By 
going from stimulus 1 to stimulus 12 in such a way that just one manipulation occurs at a time, 
six possible different routes are revealed. Two of these routes can be excluded (those with the
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transition from stim 1 to stim 2 and from stim 7 to stim 8), as they were added for reasons of 
stimulus balance. The remaining four routes from stim 1 to stim 12 are presented in Figure 6. 
As can be seen, all routes show a rather similar pattern in which each further disruption of the 
original configuration leads to a further reduction of the original effect.
Figure 6. Panel (a) to (d) show 4 different routes according to which the original cross can be 
decomposed in a stepwise fashion. With the exception of panel (c), each panel shows a 
decrease of the effect after each further decomposition of the configuration. The order in which 
the configuration is manipulated with respect to the experimental factors is different in each 
panel, which explains why slightly different patterns can be observed for each panel.
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Let us focus on Figure 6(a) and discuss the effect of the various manipulations for this route, 
but also for similar comparisons in the other routes. We first compared the lightness effect in 
the original cross with the effect after making indentations in the cross (configurations 1 and 
4, respectively), which illustrates the role of the global appearance o f the cross on perceived 
lightness. A paired samples t-test reveal that the effect induced by the original cross is 
significantly larger than the effect after making indentations to the cross ( t15 = 2.18, p  < 0.05). 
The decrease in lightness differences resulting from making indentations to the cross was also 
found when comparing configurations 7 and 10 from Figure 4 (t15 = 3.96, p  < 0.005). When 
we compare the effect after making indentations to the cross (configuration 4) with the 
residual effect after aligning these indentations with the hypotenuse o f the right triangle 
(configuration 5) we can gain more insight into the relative contribution o f T-junctions on 
perceived lightness in the Benary cross. The decrease in lightness difference caused by this 
manipulation is relatively large (t15 = 6.49, p  < 0.001). A similar result was obtained when 
comparing the effect of configurations 10 and 11 from Figure 4 ( t15 = 6.68, p  < 0.001), which 
is also indicative for the role o f T-junctions in determining perceived lightness. Subsequently, 
we compared the result of this last manipulation (configuration 5) with its rotated version 
(configuration 11). This comparison also revealed a significant difference in lightness effect 
between both configurations (t15 = 4 .11, p  < 0 .005). Again, similar results were obtained from 
other comparisons that also measured the effect of the orientation o f the configuration: For 
configurations 1 and 7: t15 = 1.63, p  = 0.123; for configurations 2 and 8: t15 = 2.96, p  < 0.05; 
for configurations 3 and 9: t15 = 4.38, p  < 0.005; for configurations 4 and 10: t15 = 3.67, p  < 
0.005; for configurations 6 and 12: t15 = 5.50, p  < 0.001. Finally, we repositioned the right 
triangle in configuration 11 towards the top of the intersection of the cross (configuration 12). 
This repositioning resulted in a reduction o f the original effect (t15 = 7.15, p  < 0.001). In fact, 
the original effect was even reversed, in which the right triangle now looked lighter than the 
left triangle (t15 = 5.45, p  < 0.001).
Discussion
The aim of this study was to disentangle the influence of several factors in causing lightness 
differences in the Benary cross. By systematically varying differences in contour junctions 
with areas surrounding the triangles as well as more global factors, like the regularity o f the 
figure and its orientation, we were able to dissociate their separate influence on perceived 
lightness differences. A repeated measures ANOVA showed that all main effects were
91
Chapter 5
significant. First of all, compared to the original cross, lightness differences were significantly 
smaller in configurations in which indentations were made to the cross. Second, the 
differences in lightness were dependent of the position of the indentations. Lightness 
differences were smaller when the contours of the indentations were aligned with the right 
gray triangle. The effect of orientation was significant as well; lightness differences were 
significantly larger when the cross was positioned in its upright position compared to when it 
was rotated clockwise by 45 degrees.
To get a more detailed perspective on the role of the investigated factors, we zoom in 
on the effects o f the individual manipulations, following the route as described in Figure 6(a). 
We will focus here on the positional ambiguity o f the left and right triangle in relation with the 
dark gray cross and speculate on the effect of the all manipulations on that ambiguity. In the 
original Benary cross the left triangle is most likely seen to be superimposed on the cross, 
whereas the right triangle is most likely seen to be juxtaposed to the cross. For all 
manipulations, the position o f the triangles, which is either juxtaposed to or superimposed on 
the cross-like shape, seems to play a decisive role in the relative lightness judgements.
First, when we compare the effect in the original Benary cross (configuration 1) with 
the effect after making indentations to the cross (configuration 4) we see a significant 
reduction of lightness differences between the triangles. Because of the Gestalt tendency to 
perceive regular shapes (e.g. based on symmetry, van Lier, van der Helm, & Leeuwenberg, 
1995), an interpretation is plausible in which the left triangle is no longer perceived as 
superimposed on the dark cross-like shape but as lying on the white background, juxtaposed to 
a symmetrically indented cross. The alternative figure-ground interpretation makes the triangle 
appear darker than in the original configuration. This result supports the hypothesis that the 
global interpretation of the figure plays an important role in determining locally perceived 
lightness, which is in line with literature suggesting that perceptual organization plays a role in 
determining perceived lightness (e.g., Agostini & Proffitt, 1993; Agostini & Galmonte, 2002).
Next, we look at the effect of shifting the indentations in such a way that the right 
triangle is aligned with the contours of the cross (configuration 5). As a result o f this 
manipulation, differences between the triangles in local contour junctions are overcome. The 
alignment of the contours results in increased ambiguity regarding the positioning of the right 
triangle, as now the right triangle could be perceived to be superimposed on the dark cross­
like shape. This increased ambiguity regarding the background of this right triangle, would 
lead to a lighter perception of that triangle compared to in the previous configuration. The
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results show that this manipulation indeed led to a dramatic reduction in lightness differences 
between the triangles, which provides additional support for the idea that T-junctions play an 
important role in determining perceived lightness (e.g., Zaidi et al., 1997, Todorovic, 1997, 
Anderson, 1997).
Rotating the figure by 45 degrees (configuration 11), again led to a significant 
reduction of lightness differences between the two triangles. Note that in the oblique, rotated 
version, the internal axes of symmetry that coincide with the arms of the indented cross, no 
longer coincide with the vertical and horizontal direction. This weakens the Gestalt based 
tendency to perceive the symmetrical shape (Wagemans, 1995). In addition, our visual system 
has a preference for horizontal and vertical orientations o f contours (e.g., Campbell et al., 
1966; Furmanski & Engel, 2000; Orban et al., 1984). For these reasons we speculate that the 
contour orientations increased the plausibility that the right triangle was perceived to be 
superimposed on the cross like shape. The role o f the positional ambiguity of the right triangle 
is further supported by a significant 2-way interaction between the factors Indentations and 
Orientation. This interaction shows that lightness differences after rotation are reduced 
stronger for configurations with indentations than for configurations without indentations.
Finally, we discuss the effect of relocating the right triangle to the upper corner of the 
intersection o f the cross (configuration 12). As a result of this relocation the original effect is 
reversed. The reversal from configuration 11 to 12 could be explained by the human 
preference for vertical symmetries (e.g. Wagemans, 1995; Palmer & Hemenway, 1978; 
Wenderoth, 1994). The previously mentioned preference for vertivcal and horizontal contours 
again favors an occlusion interpretation where the right triangle is superimposed on the dark 
cross like shape. This time, this occlusion interpretation might also be enhanced by the vertical 
symmetry of underlying cross like shape. Note that a similar decrease in lightness differences 
does not occur from configuration 5 to 6 (see Figure 6c), when repositioning of the right 
triangle takes place before rotation o f the configuration, which only strengthens our 
speculations about the influence o f orientations o f symmetries and contours on the perceived 
interpretations.
Taking together the different effects discussed above we can conclude that for a full 
explanation of the Benary effect, both the (local) alignment of contour junctions between 
different areas and the global interpretation of the configuration must be taken into account. 
Manipulations at both levels can influence the interpretation of the complete configuration in 
terms of figure-ground segregation and belongingness and, with that, determine the perceived
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lightness of the triangles. Interpretations in terms of these concepts seem to be crucial in 
determining between which areas contrast induction is strongest and/or how scission occurs 
between different homogenous layers.
Chapter 5
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In dit proefschrift worden vijf studies op het gebied van visuele waarneming beschreven. De 
fenomenen waar we ons in deze studies op hebben gericht variëren van binoculaire rivaliteit 
tot helderheidwaarneming en de verwerking van nabeelden. Voor al deze fenomenen geldt dat 
hun oorspronkelijke verklaringen zich hoofdzakelijk richtten op de werking van vroege lokale 
mechanismes in het brein. Wij laten echter zien dat, naast deze lokale mechanismes, meer 
globale kenmerk-afhankelijke mechanismes eveneens een rol spelen bij deze fenomenen. 
Deze globale mechanismes beïnvloeden zowel de inhoud van het visuele bewustzijn als de 
uiteindelijke perceptuele kwaliteit van deze inhoud.
Hoewel de fenomenologische uitkomst van visuele perceptie een objectieve en onbetwistbare 
representatie van de wereld om ons heen lijkt te zijn, is de wereld zoals we deze waarnemen 
het eindproduct van een veelvoud aan processen die plaatsvinden op verschillende niveaus in 
het brein. Tijdens de eerste stadia van visuele informatieverwerking zijn neuronen in het 
gebied V1 in de occipitale cortex al gevoelig voor een groot aantal stimuluseigenschappen, 
zoals oriëntatie, kleur, contrast en spatiële frequentie. Na de primaire gebieden splitst het 
signaal zich in een ventrale verwerkingsstroom, die verantwoordelijk is voor de verwerking 
van intrinsieke stimulus informatie, zoals kleur en vorm, en een dorsale verwerkingsstroom, 
verantwoordelijk voor de verwerking van spatiële informatie. Het idee dat er twee 
verschillende informatiestromen te onderscheiden zijn staat bekend als de „twee-visuele- 
stromen’ hypothese (Milner en Goodale, 1995). Alhoewel het concept van 
verwerkingsstromen lijkt te suggereren dat de informatiestroom van de ogen door het visuele 
systeem in één richting plaatsvindt, is de werkelijkheid een stuk complexer.
De complexiteit van visuele informatieverwerking wordt duidelijk in het hedendaagse 
onderzoek naar de neurale basis van het visueel bewustzijn (zie o.a. Tong, 2003; Rees, 
Kreiman en Koch, 2002 voor een overzicht). Alhoewel V1 bekend staat als een cruciaal 
gebied met betrekking tot visuele informatieverwerking, zijn er verschillende visies op de 
vraag of activiteit in dit gebied noodzakelijk is om visueel bewust te worden. Twee 
verschillende visies in dit debat worden vertegenwoordigd door de zogenaamde hiërarchische 
en interactieve modellen. De hiërarchische modellen bevestigen dat er een belangrijke rol is 
weggelegd voor V1, maar gaan er tegelijkertijd vanuit dat de activiteit in deze gebieden op 
zichzelf niet bijdraagt aan de visuele ervaring. Volgens deze theorieën is V1 meer een soort 
van poortwachter van visuele informatie. Als dit gebied beschadigd is, dan lijdt dit tot de 
verstoring van de input naar extrastriate visuele gebieden, zoals V4, MT en de 
inferotemporale cortex, wat resulteert in de beschadiging van het visuele bewustzijn. 
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Hiërarchische modellen stellen dat deze extrastriate gebieden direct betrokken zijn bij het 
visuele bewustzijn (o.a. Gross, Bender en Rocha-Miranda, 1969; Tong, 2003; Zeki, 1974). 
Aanhangers van interactieve modellen, aan de andere kant, beweren dat het visuele 
bewustzijn tot stand komt als gevolg van dynamische wederkerige circuits tussen extrastriate 
gebieden en V1. In het afgelopen decennium zijn er theorieën voorgesteld die de nadruk 
leggen op het belang van wederkerige of teruggekoppelde verbindingen, zowel in het binden 
of groeperen van visuele eigenschappen (o.a. Kamps en van der Velde, 2001; Murray, 
Schrater en Kersten, 2004) als met betrekking tot het visueel bewustzijn (o.a. Lamme en 
Roelfsema, 2000; Pascual-Leone en Walsh, 2001; Ro e.a., 2003). Er is gesteld dat zonder 
wederkerige informatieverwerking het visuele bewustzijn niet kan bestaan. Lamme (2006) 
gaat nog een stap verder door voor te stellen dat, bij het gebrek aan een onbetwistbare 
gedragsmaat voor het visuele bewustzijn, een mogelijke volgende stap voor cognitieve 
neurowetenschappen zou kunnen zijn om bewustzijn te definiëren in termen van de 
aanwezigheid van wederkerige informatieverwerking. Om een volledig beeld te verkrijgen 
van de werking van het visuele bewustzijn zijn zowel psychofysische als neurocognitieve 
methoden nuttige middelen. Beiden kunnen helpen bij het ontrafelen van de onderliggende 
mechanismen. In dit proefschrift ligt de focus op psychofysische methoden met als doel de 
karakteristieken van het visueel bewustzijn bloot te leggen. Meer specifiek hebben we zulke 
methoden gebruikt om globale effecten van kleur en vorm op de zichtbaarheid en 
verschijningsvorm van perceptuele fenomenen te onderzoeken.
Een aantal psychofysische studies heeft al laten zien dat de inhoud van het visueel 
bewustzijn beïnvloed wordt door de globale eigenschappen van een visueel beeld. Voor 
binoculaire rivaliteit is bijvoorbeeld aangetoond dat het brein delen van de informatie dat 
gepresenteerd wordt aan het linkeroog perceptueel groepeert met delen van de informatie die 
gepresenteerd wordt aan het rechteroog. Dit gebeurt als gevolg van interoculaire stimulus 
coherentie. Een ander voorbeeld van globale invloeden op de inhoud van het visueel 
bewustzijn komt uit het bestuderen van zogenaamde „motion induced blindness’. Hierbij 
worden stilstaande elementen gepresenteerd op een achtergrond met coherent bewegende 
elementen. Het resultaat is dat de stilstaande elementen af en toe voor een korte periode lijken 
te verdwijnen (Bonneh, Cooperman en Sagi, 2001). Er is aangetoond dat perceptuele 
verdwijning in ’motion induced blindness’ onderhevig is aan effecten van perceptuele 
groepering. Verder kan het opnieuw zichtbaar worden van de elementen eveneens beïnvloed 
worden door bepaalde globale regelmatigheden (Mitroff en Scholl, 2005). In Hoofdstuk 1 en
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2 van dit proefschrift leveren we aanvullend bewijs voor het idee dat de inhoud van het 
visuele bewustzijn beïnvloed wordt door gelijkheid van visuele elementen. De gepresenteerde 
resultaten laten zien dat zowel de mate waarin elementen gelijktijdig zichtbaar worden als de 
mate waarin ze tegelijkertijd perceptueel verdwijnen afhangen van de gelijkheid van deze 
elementen. Hiermee sluiten deze resultaten aan bij de bestaande literatuur over dit onderwerp.
Niet alleen de zichtbaarheid van elementen, maar ook de uiteindelijke 
verschijningsvorm van deze elementen is afhankelijk van globale stimulusaspecten. Het 
visuele systeem haalt informatie over onder andere kleur, oriëntatie, contrast en spatiële 
frequentie uit de visuele input. Deze eigenschappen kunnen het visuele systeem nuttige 
aanwijzingen geven met betrekking tot het groeperen en segmenteren van verschillende delen 
van het visuele veld. Op basis van deze eigenschappen wordt eveneens een interpretatie van 
de visuele input gevormd, bijvoorbeeld wat betreft figuur-achtergrond relaties en object 
identiteiten. De perceptuele output is vaak verschillend van wat men zou verwachten op basis 
van de fysieke eigenschappen van de stimulus. Zowel bij helderheidwaarneming als bij 
kleurwaarneming zijn er diverse voorbeelden die laten zien dat niet alleen lokale 
stimuluseigenschappen, maar ook meer globale aspecten een rol spelen bij de uiteindelijke 
perceptuele verschijningsvorm. Twee voorbeelden hiervan zijn White’s effect (White, 1979) 
en het „Neon color’ effect (Van Tuijl, 1975; Varin; 1971). In White’s effect worden twee 
grijze vlakken gepresenteerd op een veld bestaande uit zwarte en witte banen. De helderheid 
waarmee de grijze vlakken worden waargenomen blijkt afhankelijk te zijn van de 
zogenaamde figuur-achtergrond scheiding, waarbij de helderheid bepaald wordt door de 
helderheid van de baan die als achtergrond gezien wordt. In het „Neon color’ effect vindt er 
een perceptuele spreiding van kleuren plaats naar gebieden waar geen kleur wordt 
gepresenteerd. Deze fenomenen laten zien dat waargenomen helderheid en kleur afhangen 
van bepaalde globale eigenschappen. Omdat in deze en andere voorbeelden het waargenomen 
percept niet overeenkomt met de beeld dat aan het oog wordt aangeboden, worden ze vaak 
visuele illusies genoemd. Ze kunnen echter ook gezien kunnen worden als artefacten van 
mechanismes die cruciaal zijn voor het visuele systeem om een heldere representatie van de 
wereld om ons heen te vormen. Dit maakt deze fenomenen intrigerend en interessant voor 
wetenschappers die het visuele systeem bestuderen. Het bestuderen ervan helpt namelijk bij 
het blootleggen van de onderliggende perceptuele mechanismes.
Voor veel visuele fenomenen is er overtuigend bewijs beschikbaar dat lokale 
mechanismes een belangrijke rol spelen in het bepalen van het percept. Zonder de rol van
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deze vroege mechanismes als dusdanig in twijfel te brengen, zijn we geïnteresseerd in de mate 
waarin globale factoren eveneens een rol spelen bij het bepalen van de perceptuele 
verschijningsvorm. Waar Hoofdstuk 1 en 2 zich richten op de rol van kleur- en 
vormgelijkheid op de zichtbaarheid van elementen, wordt er in de Hoofdstukken 3-5 gekeken 
naar de manier waarop kleur en vorm gezamenlijk de perceptuele verschijningsvorm bepalen.
Inhoud van het proefschrift
In Hoofdstuk 1 hebben we onderzocht wat de rol van stimulusgelijkheid is op „perceptual 
fading’. Dit is het fenomeen waarbij elementen die in de periferie van het visuele veld worde n 
gepresenteerd tijdelijk perceptueel verdwijnen na verlengde fixatie (Troxler, 1804). Dit 
fenomeen wordt over het algemeen toegekend aan retinale adaptatie op de stimulus locatie. 
Als gevolg hiervan verzwakt de neurale activiteit ten gevolge van deze stimulus, wat leidt tot 
een perceptuele invulling door het homogene achtergrondoppervlak op de stimulus locatie. In 
onze studie hebben we gekeken naar een specifieke vorm van perceptuele verdwijning, 
namelijk naar „flash-induced fading’ (Kanai en Kamatani, 2003). Hierin wordt een witte ring 
kort geflitst rondom een stimulus die gepresenteerd wordt in de periferie van het visuele veld. 
Als gevolg van deze flits lijkt de stimulus enkele seconden te verdwijnen. In de studie die wij 
gedaan hebben waren we geïnteresseerd in effecten van stimulusgelijkheid. Ons experiment 
laat zien dat twee perifeer gepresenteerde elementen vaker gelijktijdig perceptueel verdwijnen 
wanneer deze elementen gelijk zijn qua kleur en/of vorm dan wanneer dit niet het geval is. 
Deze resultaten tonen aan dat „perceptual fading’ niet alleen het gevolg is van retinale 
adaptatie. Globale processen in het brein, verantwoordelijk voor perceptuele groepering op 
basis van stimuluskenmerken, spelen eveneens een rol.
In Hoofdstuk 2 hebben we de rol van stimulusselectieve effecten in binoculaire 
rivaliteit onderzocht. Binoculaire rivaliteit treedt op wanneer competitie voor het visuele 
bewustzijn plaatsvindt tussen ongelijke informatie gepresenteerd aan beide ogen. Als gevolg 
hiervan wordt een deel van de retinale input perceptueel onderdrukt. Wederkerige inhibitoire 
connecties tussen monoculaire kanalen in de laterale geniculate nuclues en in het gebied V1 
worden over het algemeen als oorzaak gezien van perceptuele onderdrukking. In het 
afgelopen decennium is de gedachte dat binoculaire rivaliteit volledig bepaald wordt door 
ooggerelateerde mechanismes echter in twijfel getrokken. Diverse studies laten zien dat 
competitie niet alleen plaatsvindt tussen monoculaire kanalen, maar ook tussen stimulus 
representaties (o.a. Kovâcs, Papathomas, Yan en Feher, 1996; Logothetis, Leopold en
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Sheinberg, 1996). In dit hoofdstuk presenteren we twee experimenten waarin we de rol van 
stimulusselectiviteit tijdens perceptuele dominantie en tijdens perceptuele onderdrukking 
onderzoeken. Het eerste experiment laat zien dat een perceptueel onderdrukte stimulus eerder 
zichtbaar wordt als het overeenkomsten heeft met een zichtbare stimulus, dan wanneer dit niet 
het geval is. Deze resultaten zijn nieuw bewijs voor de rol van stimulus coherentie tijdens 
binoculaire rivaliteit. Het tweede experiment laat vervolgens zien dat een element juist later 
zichtbaar wordt wanneer er overeenkomsten zijn met een onderdrukt element dan wanneer dit 
niet het geval is. Dit laatste resultaat wijst erop dat stimulusselectiviteit optreedt tijdens 
binoculaire onderdrukking, hetgeen tot de conclusie leidt dat stimulusgerelateerde effecten 
tijdens binoculaire rivaliteit veroorzaakt worden door zowel selectieve versterkende als op 
selectieve inhiberende mechanismes. Vanuit een fenomenologisch perspectief kan gesteld 
worden dat de resultaten in dit hoofdstuk laten zien dat we ons niet alleen selectief bewust 
zijn maar dat we ons ook selectief onbewust zijn van specifieke kenmerken in het visuele 
veld.
In Hoofdstuk 3 presenteren we een nieuw visueel fenomeen dat laat zien dat interactie 
tussen kleuren en contouren een rol speelt in de waarneming van nabeelden. Nabeelden 
ontstaan wanneer er voor enige tijd naar een gekleurd oppervlak wordt gekeken, gevolgd door 
het kijken naar een wit achromatisch oppervlak. De waargenomen kleur is complementair aan 
de kleur waaraan geadapteerd is en is het gevolg van adaptatie van kleurgevoelige receptoren 
in de retina. De nabeelden zijn doorgaans duidelijk te zien wanneer na adaptatie 
stimuluscontouren gepresenteerd worden die samenvallen met de vervaagde randen van het 
nabeeld (Daw, 1962). In dit hoofdstuk rapporteren we dat één en dezelfde gekleurde stimulus 
meerdere verschillend gekleurde nabeelden kan opleveren. De waargenomen nabeeldkleur is 
afhankelijk van een achromatische contour die na het oorspronkelijke gekleurde beeld wordt 
gepresenteerd. Het nabeeld is zichtbaar in het gehele omlijnde gebied, ook op locaties waar 
eerder geen kleur gepresenteerd is. De resultaten van twee experimenten laten zien dat het 
nabeeld-fenomeen het resultaat is van twee verschillende processen. De kleur in het omlijnde 
gebied zorgt voor een nabeeld in de complementaire kleur, die het gehele omlijnde gebied 
invult. Verder induceert de kleur buiten het omlijnde gebied een nabeeldkleur binnen het 
omlijnde gebied met een kleur die lijkt op de oorspronkelijke kleur. Dit laatste effect is echter 
zwakker en is waarschijnlijk het gevolg van kleurcontrastinductie. Het feit dat het 
waargenomen nabeeld afhankelijk is van contouren die na het gekleurde beeld worden 
gepresenteerd laat zien dat gekleurde nabeelden niet enkel het resultaat zijn van retinale
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kleuradaptatie, maar dat kleur-contour interacties in het brein ook van invloed zijn op de 
waarneming van nabeelden.
In Hoofdstuk 4 is eveneens de rol van kleur-contour interactie onderzocht, maar nu in 
relatie tot helderheidwaarneming. In dit hoofdstuk hebben we ons gericht op het „Hermann 
grid’ effect (Hermann, 1870). In de klassieke demonstratie van d it effect worden zwarte 
vierkante vlakken gescheiden door horizontale en verticale witte banen. Dit leidt met name in 
de periferie van het visuele veld tot de waarneming van donkergrijze vlekken op de 
kruisingen van het raster. De meest gebruikelijke verklaring van dit fenomeen richt zich op de 
werking van retinale ganglioncellen met een antagonistische ’center-surround’ organisatie. 
Het idee is dat deze cellen minder geactiveerd worden op de kruisingen, doordat deze 
kruisingen omringd worden door meer wit dan andere delen van het raster. Deze verminderde 
activiteit komt tot uiting in de donkere vlekken die waargenomen worden op de kruisingen. 
Recentelijk is aangetoond dat het creëren van onregelmatigheden in de contouren van een 
Hermann grid-achtige configuratie resulteert in de perceptuele verdwijning van de donkere 
vlekken op de kruisingen van het raster (Geier, Bernâth, Hudâk en Séra, 2008). Wij laten zien 
dat de plaatsing van contouren rondom de kruisingen van het raster helderheidverschillen 
induceert op de kruisingen van het raster. Deze helderheidverschillen worden waargenomen 
in het gehele door contouren omlijnde gebied, onafhankelijk van de vorm van de contouren. 
In tegenstelling tot het Hermann grid effect, wordt ons effect ook waargenomen in de fovea 
en verspreidt het effect zich zodanig dat het gehele omlijnde gebied met de nabeeld kleur 
wordt ingevuld. Daarnaast treedt het effect op voor zowel zwarte als witte contouren. Met 
andere woorden, het effect is onafhankelijk van de vorm en de helderheidpolariteit van de 
contouren rondom de kruisingen. Wij beargumenteren dat een deel van het effect plaatsvindt 
op de gedeeltes van de banen buiten de intersecties als gevolg van simultane 
helderheidcontrast tussen de luminantie-velden. Vervolgens wordt de helderheid als het ware 
„ingevangen’ tussen de contouren. We denken dat dit effect ook een rol speelt in de 
oorspronkelijke Hermann grid illusie. De rechtheid van de contouren, in combinatie met de 
relatief grote receptieve velden in de periferie van het visuele veld, resulteert mogelijkerwijs 
in de activering van horizontale en verticale randdetectoren rondom de kruisingen. Dit kan 
leiden tot een gedeeltelijke blokkering van de invulling op de kruisingen. In de Geier 
modificaties wordt dit mechanisme uitgeschakeld, maar door contouren te presenteren 
rondom de kruisingen van het raster kan het gereactiveerd worden.
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In hoofdstuk 5 gaan we verder in op globale invloeden op de waarneming van 
helderheid. We hebben dit gedaan door een bekende helderheidillusie te onderzoeken, 
namelijk het Benary kruis (Benary, 1924). Het Benary kruis is een klassieke demonstratie die 
laat zien dat de waargenomen helderheid in een bepaald gebied niet alleen door luminantie 
wordt bepaald, maar ook door de context waarin dat gebied is opgenomen. De 
oorspronkelijke configuratie bestaat uit twee kruisende donkergrijze banen op een witte 
achtergrond. Op deze configuratie worden twee identieke lichtgrijze driehoeken gepresenteerd 
die gelijk zijn wat betreft de hoeveelheid wit en donkergrijs waardoor ze omringd worden. 
Desondanks wordt één van de twee driehoeken als lichter waargenomen dan de andere 
driehoek. Dit effect wordt doorgaans verklaard vanuit het idee dat de ene driehoek wordt 
waargenomen als liggend op het kruis, terwijl de andere driehoek wordt gezien als liggend 
tegen het kruis aan. Doordat elke driehoek contrasteert met de achtergrond waarop het wordt 
waargenomen, wordt de driehoek liggend op het kruis als lichter waargenomen dan de andere 
driehoek. De contourkruisingen rondom een testgebied worden als cruciaal gezien in het 
bepalen van de waargenomen figuur-achtergrond relaties. Door het Benary kruis gradueel aan 
te passen, hebben we geprobeerd om de rol van contourkruisingen los te koppelen van de rol 
van de globale interpretatie van het kruis. De resultaten van een taak waarin proefpersonen de 
helderheid van één van de driehoeken moesten instellen bevestigen dat het in elkaars 
verlengde liggen van de contouren op de contourkruisingen inderdaad een grote invloed heeft 
op de waargenomen helderheid in een bepaald gebied. Tegelijkertijd wordt het Benary effect 
echter ook beïnvloed door de globale regelmaat van de kruis configuratie, wat gevonden is 
door de globale vorm en de oriëntatie van de configuratie te manipuleren.
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De experimentele hoofdstukken in dit proefschrift laten zien dat de waarneming van 
informatie op specifieke locaties afhangt van de context waar deze informatie deel van 
uitmaakt. Dit principe geldt niet alleen voor visuele informatie maar kan ook probleemloos 
worden toegepast op de interactie tussen individuen. Zowel de kwaliteit van de 
wetenschappelijke output als de manier waarop ik het promotietraject heb ervaren zijn slechts 
voor een deel bepaald door mijn eigen inbreng. Daarom wil ik dit deel van mijn proefschrift 
gebruiken om een aantal mensen te bedanken voor hun bijdrage tijdens het promotietraject.
Rob, uiteraard wil ik jou als eerste bedanken. Ik heb onze samenwerking gedurende 
het traject als zeer prettig ervaren. Jouw grenzeloze enthousiasme in combinatie met mijn 
scepticisme heeft ons denk ik tot een goed draaiend team gevormd. Jij hebt me de ruimte en 
het vertrouwen gegeven om mijn weg binnen het project te vinden, wat mijn inziens zowel de 
kwaliteit van de studies als mijn beleving van het project in positieve zin heeft beïnvloed. 
Natuurlijk zijn er bij ons beiden wel eens frustraties geweest wanneer we bijvoorbeeld weer 
eens in een eindeloze discussie verzand raakten op een vrijdagavond rondom een submissie 
deadline. Voor mij benadrukte dat echter hoofdzakelijk jouw betrokkenheid bij het project. 
Misschien heb ik het niet zo vaak uitgesproken, maar voor mij is dat zeer belangrijk geweest.
Charles, ons contact gedurende de afgelopen jaren is niet heel frequent geweest, maar 
de gesprekken die wij hebben gehad hebben zeker een belangrijke bijdrage geleverd aan de 
artikelen. Tijdens het schrijven ontstaan er regelmatig kleine onzekerheden wat betreft de 
richting die met de argumentatie opgegaan dient te worden. Jouw bron van ervaring hielp 
telkenmale om deze onzekerheid voor een groot deel weg te nemen. Dit heeft mij veel rust en 
vertrouwen gegeven en daarom ben ik jou zeer dankbaar voor jouw rol binnen het project.
Hardware Gerard en software André, een gedegen technische ondersteuning wordt 
volgens mij wel eens als een vanzelfsprekendheid gezien onder het wetenschappelijk 
personeel. Dit is natuurlijk volledig ten onrechte. Elke keer dat ik om jullie hulp verlegen heb 
gezeten stonden jullie meteen klaar om de benodigde hulp te bieden. Dit heb ik altijd enorm 
gewaardeerd en hiervoor wil ik jullie dan ook hartelijk bedanken.
Je kamergenoot kies je niet zelf. Als dit wel het geval zou zijn geweest, dan was de 
kans denk ik klein geweest dat ik jou, Matthias, als kamergenoot had gekozen. Want als je het 
voor het kiezen hebt, kies je dan een stille, serieuze Duitse ‘goth’ als kamergenoot? Vijf jaar 
later concludeer ik dat ik inmiddels blij ben dat je je kamergenoot niet kiest. Voor mij ben jij 
namelijk de ideale kamergenoot geweest. Ondanks dat onze projecten niet echt in elkaars 
verlengde lagen, heb ik de discussies die we hebben gevoerd over zowel experimentele als
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theoretische aspecten van onze projecten zeer gewaardeerd. Ook naast de professionele kant 
van het verhaal, heb ik ons contact altijd als zeer prettig ervaren. De sfeer op kamer B.01.25 is 
altijd zeer aangenaam geweest en de vertrouwelijke band die we gedurende de jaren hebben 
opgebouwd is voor mij bijzonder waardevol. Dat ik vervolgens zelfs op congressen vaak nog 
samen met jou een kamer moest delen was voor mij dan ook zeker geen straf. Daarom wil ik 
nog voor een laatste keer benadrukken dat ik die frisbee in het zwembad in Naples, Florida 
absoluut niet opzettelijk op jouw hoofd mikte, echt niet. De bevinding dat perceptie 
prefrontaal diepere sporen achter laat dan occipitaal was in ieder geval wel de openbaring van 
het congres.
Om je echt op je plaats te kunnen vinden op een werk is het mijn inziens van cruciaal 
belang dat je collega’s om je heen hebt die je een vertrouwd gevoel bezorgen. Gelukkig is 
hier, eerst op het NICI en later op het DCC, alles behalve een tekort aan geweest. Ondanks dat 
je inmiddels al weer even weg bent Janneke, is jouw naam de eerste die me in dit kader te 
binnen schiet. Dat ik jou heb leren kennen heeft mij zeer geholpen bij het vinden van mijn 
plek op het NICI. De lijst met tegenstellingen tussen ons is best groot (bijv. voetbal vs sauna, 
biefstuk vs knolselderij, auto vs trein). Toch kost het mij geen enkele moeite om aan te geven 
waarom ons contact zo waardevol voor me is. Jij beschikt over de kwaliteit om 
onvoorwaardelijk voor vrienden klaar te staan wanneer daar om wordt gevraagd, maar 
tegelijkertijd schrik je niet terug om te zeggen waar het op staat op momenten dat een ander 
vaak voor een subtiele benadering zou kiezen. Deze combinatie van warmte en eerlijkheid 
maakt onze vriendschap zeer waardevol voor mij.
Het laatste jaar van een promotietraject is niet de makkelijkste periode. Dat ik juist in 
deze periode meer naar jou, Ellen, ben toegetrokken is geen toeval. In de onzekere periode 
rondom het afronden van het proefschrift is het bijzonder fijn om mensen in je omgeving te 
hebben die precies weten wat je bedoelt en hoe je je voelt voordat je ook maar een halve zin 
hebt uitgesproken. Op het DCC geldt dit voor niemand zo sterk als voor jou. Onze 
vriendschap is in relatief korte tijd erg belangrijk voor mij geworden. Een dankwoord kan 
overkomen als verhaal waarin iets wordt afgesloten. In zekere zin is dit natuurlijk ook zo, 
maar als het aan mij ligt dan heeft onze vriendschap geen houdbaarheidsdatum.
Het merendeel van mijn promotietraject heb ik beleefd met jou aan mijn zijde Evelien. 
In deze periode is er zowel wat betreft werk als wat betreft ons persoonlijke leven veel 
gebeurd. De steun die ik op beide vlakken van jou heb gehad is voor mij zeer waardevol
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geweest. Dat dingen gelopen zijn zoals ze gelopen zijn doet daar wat mij betreft geen enkele 
afbreuk aan.
Loes en Céline, sorry dat ik jullie in één adem noem, maar dat zijn jullie inmiddels 
vast wel gewend. Misschien weten jullie het zelf niet, maar jullie komst op het NICI heeft 
vooral op sociaal vlak flink wat meer leven in de brouwerij gebracht. Ik durf dan ook te 
zeggen dat sinds jullie aanwezigheid mijn leven op het NICI/DCC significant aangenamer is 
geworden (p<.0001). Bedankt daarvoor! Pascal, aka Mr. Presentation, aka The Sunbed Boy 
(om over andere bijnamen nog maar te zwijgen). Jouw aanwezigheid brengt een groep tot 
leven. Dat soms niet de gehele groep daar op zit te wachten is daarbij uiteraard slechts een 
onbelangrijk detail. Bedankt voor alle lol die we de afgelopen jaren hebben gehad en uiteraard 
ook voor de serieuzere gesprekken. Jouw blik op de wereld helpt me regelmatig om mijn 
eigen denkbeelden weer wat scherper neer te zetten, of ik het nu met je eens ben of niet. 
Eigenlijk pas de laatste driekwart jaar zijn jij en ik, Saskia, meer naar elkaar toegetrokken. 
Dat jij ondanks de roerige periode die je zelf hebt doorgemaakt toch altijd weer klaar staat om 
een luisterend oor te bieden waardeer ik enorm. Tot slot wil ik ook mijn overige collega’s, en 
dan wil ik met name noemen Sybrine, Terry, Sara, Nan, Majken, Yvonne, Stan, Jurrian, 
Verena, Kors en Sebo, bedanken voor de gezelligheid, de sportieve momenten en de goede 
gesprekken gedurende de afgelopen periode. Het was een mooie tijd.
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Curriculum Vitae
Mark Vergeer werd op 11 september 1977 geboren in Luttelgeest in Nederland. Via de Havo 
rondde hij in 1996 het VWO af op het Zuyderzee College te Emmeloord. Na een paar korte 
omzwervingen langs andere opleidingen begon hij vervolgens in 1996 aan de studie 
Psychologie aan de Rijksuniversiteit Groningen. Binnen deze opleiding koos hij voor de 
afstudeerrichting Functieleer om vervolgens in november 2004 af te studeren op de invloed 
van alcoholinname op visuele aandacht. Vijf dagen later begon hij aan zijn promotietraject 
aan het Nijmegen Instituut voor Cognitie en Informatie (NICI, tegenwoordig DCC), aan de 
Radboud Universiteit Nijmegen.
Binnen het promotietraject ging hij onder begeleiding van Dr. Rob van Lier onderzoek 
doen naar de rol van kenmerken als kleur en vorm op globale interpretaties in de visuele 
waarneming. Tijdens het promotietraject werkte Mark onder andere samen met Stuart Anstis, 
verbonden aan de University College o f San Diego en won hij samen met Rob van Lier de 
prijs voor de beste visuele illusie van 2008, een prijs toegekend door mede visuele 
waarnemingsdeskundigen tijdens de jaarlijkse internationale bijeenkomst van de „Vision 
Sciences Society’ in Florida. De uitkomst van het promotieonderzoek ligt inmiddels voor u.
117
118
Donders series
Series Donders Institute for Brain, Cognition and Behaviour
1. van Aalderen-Smeets, S. I. (2007). Neural dynamics o f visual selection. Maastricht 
University, Maastricht, The Netherlands.
2. Schoffelen, J. M. (2007). Neuronal communication through coherence in the human 
motor system. Radboud University Nijmegen, Nijmegen, The Netherlands.
3. de Lange, F. P. (2008). Neural mechanisms o f motor imagery. Radboud University 
Nijmegen, Nijmegen, The Netherlands.
4. Grol, M. J. (2008). Parietofrontal circuitry in visuomotor control. University Utrecht, 
Utrecht, The Netherlands.
5. Bauer, M. (2008). Functional roles of rhythmic neuronal activity in the human visual and 
somatosensory system. Radboud University Nijmegen, Nijmegen, The Netherlands.
6. Mazaheri, A. (2008). The Influence of Ongoing Oscillatory Brain Activity on Evoked 
Responses and Behaviour. Radboud University Nijmegen, Nijmegen, The Netherlands.
7. Hooijmans, C. R. (2008). Impact of nutritional lipids and vascular factors in Alzheimer ’s 
Disease. Radboud University Nijmegen, Nijmegen, The Netherlands.
8. Gaszner, B. (2008). Plastic responses to stress by the rodent urocortinergic Edinger- 
Westphal nucleus. Radboud University Nijmegen, Nijmegen, The Netherlands.
9. Willems, R. M. (2009). Neural reflections of meaning in gesture, language and action. 
Radboud University Nijmegen, Nijmegen, The Netherlands.
10. Van Pelt, S. (2009). Dynamic neural representations o f human visuomotor space. 
Radboud University Nijmegen, Nijmegen, The Netherlands.
11. Lommertzen, J. (2009). Visuomotor coupling at different levels o f complexity. Radboud 
University Nijmegen, Nijmegen, The Netherlands.
12. Poljac, E. (2009). Dynamics of cognitive control in task switching: Looking beyond the 
switch cost. Radboud University Nijmegen, Nijmegen, The Netherlands.
13. Poser, B. A. (2009). Techniques for BOLD and blood volume weightedfMRI. Radboud 
University Nijmegen, Nijmegen, The Netherlands.
14. Baggio, G. (2009). Semantics and the electrophysiology o f meaning. Tense, aspect, event 
structure. Radboud University Nijmegen, Nijmegen, The Netherlands.
119
Donders series
15. van Wingen, G. A. (2009). Biological determinants o f amygdala functioning. Radboud 
University Nijmegen Medical Centre, Nijmegen, The Netherlands.
16. Bakker, M. (2009). Supraspinal control o f walking: lessons from motor imagery. 
Radboud University Nijmegen Medical Centre, Nijmegen, The Netherlands.
17. Aarts, E. (2009). Resisting temptation: the role o f the anterior cingulate cortex in 
adjusting cognitive control. Radboud University Nijmegen, Nijmegen, The Netherlands.
18. Prinz, S. (2009). Waterbath stunning of chickens -  Effects of electrical parameters on the 
electroencephalogram and physical reflexes o f broilers. Radboud University Nijmegen, 
Nijmegen, The Netherlands.
19. Knippenberg, J. M. J. (2009). The N150 of the Auditory Evoked Potential from the rat 
amygdala: In search for its functional significance. Radboud University Nijmegen, 
Nijmegen, The Netherlands.
20. Dumont, G. J. H. (2009). Cognitive and physiological effects of 3,4- 
methylenedioxymethamphetamine (MDMA or ’ecstasy ’) in combination with alcohol or 
cannabis in humans. Radboud University Nijmegen, Nijmegen, The Netherlands.
21. Pijnacker, J. (2010). Defeasible inference in autism: a behavioral and electrophysiogical 
approach. Radboud Universiteit Nijmegen, The Netherlands.
22. de Vrijer, M. (2010). Multisensory integration in spatial orientation. Radboud University 
Nijmegen, Nijmegen, The Netherlands.
23. Vergeer, M. (2010). Visibility and appearance in perceptual phenomena: Effects o f color 
andform. Radboud University Nijmegen, Nijmegen, The Netherlands.
120
